超音波法を用いた脊椎スクリュー設置支援システム by Muhamad Khairul Bin Ali Hassan
  
 
福 井 大 学 審 査 
学位論文［博士(工学)］ 







A Dissertation Submitted to the
 University of Fukui for the Degree of
 Doctor of Engineering
  
 
 
 
A Pedicle Screw Placement Support System Using 
Ultrasound Method 
超音波法を用いた脊椎スクリュー設置支援システム 
 
 
 
 
 
 
 
 
2016 March 
 
Muhamad Khairul Bin Ali Hassan 
  
  
  
 
  

i 
 
Acknowledgements 
In the name of Allah, the Most Gracious and the Most Merciful 
 
I praise and thank Allah Almighty for granting me the strength to complete this 
research and sweetness of success in the PhD. The life of a student in a foreign 
country is a bittersweet memory that will never be forgotten. Throughout my days in 
Japan, a lot of invaluable experience gained and makes me stronger than before.  
 First and foremost, special thanks to my supervisor, Associate Professor Kouki 
Nagamune for providing me an opportunity to complete my PhD thesis at the Fukui 
University. It has been an honor to be a PhD student in his laboratory. His constant 
support and guidance made my thesis work possible. I am very grateful for his 
knowledge, motivation and enthusiasm in research and become an inspiration to me. 
Many thanks to Professor Dr. Kazuyuki Murase for giving me the opportunity to 
conduct this research. I also would like to thank Shogo Kawaguchi and Yusuke  
Shimizu, who help in providing the materials of experiment, and Mohd Hanafi, Long 
Zhong Jie, Takashi Kamiya, Yosuke Uozumi, Akira Maki, and all laboratory 
members for being understanding and supportive.  
 My gratitude to the researchers from Graduate School of Medicine, Kobe 
University, Associate Professor Dr. Kenichiro Kakutani, Associate Professor Dr. 
Koichiro Maeno, Dr. Kotaro Nishida and Professor Dr. Masahiro Kurosaka for 
providing materials throughout this research. In addition advice and support given by 
them also helped me a lot in completing this research.  
 Financially, this work was supported in part by a Grant-in-Aid for Young 
Scientists (B) (25870273) from the Ministry of Education, Culture, Science and 
Technology of Japan. Deeply thankful to the Ministry of Education (MOE), Malaysia 
and University Malaysia Perlis (UniMAP) for providing a scholarship for this study.  
ii 
 
 A million thanks to my parent and parent in law, who always pray and 
supported me. Last but not least, my lovely wife, Aida Sharmila Wati Binti Wahab 
who always staying with me through up and down. My beloved daughter, Aina 
Adriana and beloved son, Muhammad Airul Rayyan, which always makes me calm 
and happy. 
 
Muhamad Khairul Bin Ali Hassan 
January 2015 
  
 iii 
 
Abstract 
  
Ultrasound is one of the low cost, and accurate technique used in clinical 
practice to diagnose bone characteristics such as bone mineral and bone thickness. In 
the determination of the bone thicknesses, many researchers successfully 
implemented pulse echo technique using a pair of transducers that used as a 
transmitter and receiver. Bone thickness information is useful for the surgeons in 
fixing pedicle screws in place. The quality of pedicle screw insertion continues to 
increase with the introduction of such techniques as navigation based on computed 
tomography and fluoroscopy. These techniques reduce error in pedicle screw 
placement and injury compared to free-hand technique. A computed tomography 
machine is commonly used in preoperative and postoperative tasks. While, 
fluoroscopy machine is used in intraoperative task to navigate the pedicle screw. 
However, it needs expertise to handle the fluoroscopy machine because the accuracy 
of the machine is low due to 2D data produced by the machine. Error of screw 
placement commonly happened due to inappropriate setting of the machine. An 
automated system was developed using an ultrasound transducer to determine the 
position of bone screw in order to solve the problem. 
Signal processing technique is needed to analyze the ultrasound signal. The 
modified version of the wavelet decomposition algorithm was proposed to analyze the 
multiple echoes of ultrasound signal. This algorithm was recognized as a wavelet 
decomposition processing method (WDPM). Combination of detail coefficients 
within certain levels were used in order to detect the reflected echoes. The flight time 
of signal travels through specimen was determined using a combination between peak 
detection algorithm and WDPM. Therefore, the thickness of the specimen could be 
performed. An ultrasound transducer was developed for a specific diameter in order to 
apply in clinical application. Three versions of ultrasound transducers with different 
diameter were designed and tested in experimental studies. The diameter size of 
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transducer plays important role in receiving the echoes. The small diameter of 
transducer allows limited echoes to be received. Therefore, the amplitude of receiving 
echoes was low for smaller size of transducer compared to the transducer that having 
a bigger size of the diameter. 
 The monitoring system of pedicle screw insertion through the vertebrae was 
main objective of this study. However, one of the main concerns in achieving the 
objective was the physical properties of bone. This study was focused on the 
cancellous and cortical thickness measurement, and the maximum thickness of 
cancellous bone that could be measured. The measurement of bone thickness has been 
performed using several methods of ultrasound based. Pulse-echo mode was the 
common technique used by previous researchers and has been applied in this study. 
An ultrasound transducer has been placed in front of the specimen and reflected 
echoes from specimen surface was used to determine the flight time of signal travels 
through the specimen. Through-mode was placement of two ultrasound transducers in 
the opposite direction, and the specimen was placed between the two transducers. 
Through-mode could not be applied in pedicle procedure due to unavailable space to 
place the transducer behind the spine. Hence, pulse-echo mode is chosen, however the 
echoes could not be received by the ultrasound receiver in thick cancellous bone. 
Different position method (DPM) has been proposed in order to overcome this 
problem. This method requires bone to be drilled for specific thicknesses.  
 Cancellous bone has a large area and porous that giving the spongy 
appearance and light. Hence, it was called as trabecular bone or sponge bone. This 
structure causes a transmitted signal by the ultrasound transducer into the cancellous 
bone area could not be reflected back to the transducer. The signal was attenuated and 
absorbed into the cancellous bone. However, this study has revealed the ability of 
ultrasound transducer to identify the reflected echoes on the back surface of 
cancellous bone. The generated echoes was dependent on the size of specimens, and it 
was valid for a specimen having a thin cancellous bone. Therefore, a study of 
measuring the maximum thickness of the cancellous bone was conducted. 
 Insertion of pedicle screw requires a pilot hole as a guidance in order to place 
the screw into desired position. We noticed that, the depth of pilot hole affects the 
pullout strength of the screw. An important study has been carried out to determine 
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the correlation between drilling depth of the pilot hole and pullout strength of the 
screw. The ultrasound system was used to determine the boundary between cancellous 
and cortical area. Therefore, the pilot hole has been drilled up to the boundary or 
inside cortical area depends on the cortical thickness. The screw was then placed 
through the pilot hole and the obtained results show that the pullout strength of the 
screw was higher in the cortical bone compared to cancellous bone. Moreover, the 
error of screw placement could be avoided. 
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Chapter 1 
Introduction 
Kyphosis is a term to present the curvature of the spine that normally occurs in the 
sacral and thoracic regions [1–4] and Lordosis refers to the curvature happens to 
cervical and lumbar regions [5–7]. Both of them are common problems that facing by 
osteoporosis peoples. Osteoporosis is a dangerous disease that occurs in humans, 
especially in elderly people. It also occurs in young people, but in small cases. The 
fracture of bone exists in these peoples due to unhealthy bone. Bones will actively 
grow at the age of 12 to 16 years and it will stop growing after 17 years old. Bone 
density in cancellous bone is decreased at the age of 35 years old and rapidly 
decreased in women at the early stage of menopause [8]. Quality of bones depends on 
the bone density and it is definitely affecting the bone strength. Theoretically, the 
bone that has low bone density provides more spaces and light compared to higher 
bone density. Therefore, the strength of bone is low in the bone has low bone density.  
 There are several diagnostic tests that were used by a physician to diagnose 
the bone problem. An x-ray test is a painless test and used to determine the changes in 
bone. This method is used when the doctor confirmed we had a bone fracture or bone 
infection. However, this technique uses radioactive materials to take a picture of x-
rays. Magnetic Resonance Imaging (MRI) Scan is used to scan the material and 
develop the image that we can see through a computer. This machine uses radio 
waves and magnets to provide the multiple layers of the spine and it allows the doctor 
to investigate changes in the soft tissue of bones [9], [10].  
 Computer Assisted Tomography (CAT) Scan or Computed Tomography (CT) 
Scan provides both data which x-ray and slices images of bone and each process can 
be performed separately [11]. However, the quality of images is not good compared 
with x-ray and MRI machine. Usually, this machine is combined with a myelogram 
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(My-Low-Gram) in order to get a good quality image. Myelogram is the oldest 
method used to examine the spinal canal and spinal cord. This method requires a 
small needle to be inserted into the lower back and spinal canal.  
 In spinal surgery, the pedicle screw is used to fix fractured bones or adjusting 
the bone position of the scoliosis or khyposis patient. There are three phases in 
placement of the screw on the vertebrae, namely preoperative, intraoperative and 
postoperative. Preoperative is the first phase of surgeons determine the useful 
information regarding the position of bone injury, screw size, pedicle size, trajectory 
and etc using CT and MRI machine. Furthermore, the CT scan machine is also able to 
provide the location of pedicle screw starting point. Once the starting point of pedicle 
screw insertion is determined, the soft tissue around that point is removed until the 
cortical area appears. Then, the process of pedicle screw insertion is performed.  
 During the surgical process (intraoperative), the fluoroscopy machine and 
plain radiography are used to navigate the screw path in order to avoid the misplaced 
screw. These machines allow the surgeon to monitor the placement of screw in real 
time. The quality of image depends on the machine, while the accuracy of screw 
placement is related to the handling of C-arm device. C-arm is the medical imaging 
device that is based on X-ray technology. The error of screw placement commonly 
happened due to inappropriate setting of C-arm. In addition, the operation time and 
radiation exposure can be much longer due to inexperience technologist handling the 
machine. The experienced technologist is needed in order to read and understand the 
2D imaging data. Advanced fluoroscopy machine that can produce 3D image and 
computer navigation system based on the CT scan machine are currently investigated 
by the researchers. 
 Once the placement of pedicle screw has been performed, the postoperative 
process is needed in order to determine the position of pedicle screw. A computed 
tomography scan machine is a common device that was used in this stage. Fiorillo and 
Demonti evaluated the efficiency postoperative radiographs of pedicle screw 
placement and compared with CT scan. The result shows that the postoperative 
radiograph is not an effective way in diagnosing the misplacement of thoracic pedicle 
screw [12]. Heary et al. evaluated the placement of 185 thoracic pedicle screw in 27 
patients with the guidance of fluoroscopy machine [13]. The accuracy of screw 
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placement is determined using a CT scan. They found that, the postoperative CT is 
considered gold standard in evaluating the placement of pedicle screw. 
 
1.1 Motivation 
We noticed that, many cases of injury happened after performing pedicle screw 
placement and the important period of the pedicle screw insertion process is 
intraoperative period. In addition, there is no specific device that was used during 
insertion of pedicle screw. Due to the limitations in intraoperative period, this study 
was undertaken to investigate the other method of screw placement. An automation 
system has been developed using an ultrasound transducer to determine the position 
of bone screw. In order to use the ultrasound transducer, the characteristic of 
measurement materials is important information needs to consider because it 
influences the ultrasound signal. The output signal produced by the ultrasound 
transducer is low amplitude and a lot of noises. The filter and amplifier were used to 
filter out the unwanted noises and amplify the signal. Although it was done by the 
hardware, the output signal still providing the noises and redundant echoes. Several 
types of signal processing have been used by researchers, however the wavelet is an 
established signal processing technique and it is suitable for ultrasound signal. As part 
of this study, a new signal processing method was introduced to improve visualization 
and to separate the echoes. An updated wavelet decomposition processing method has 
been introduced and applied in the ultrasound signal analysis. 
 There are three versions of ultrasound transducer have been used in this study. 
First version has 10 mm diameter and it was produced by KGK company, Japan. This 
transducer used for measuring the ultrasound speed and material thickness in early 
studies. However, the diameter size of the transducer is large and not suitable to apply 
in spine surgery. Due to this difficulty, the second version of ultrasound transducer 
has been developed with diameter size of 6 mm. This size was chosen in order to 
examine the capability of the transducer to produce the output signal. Additionally, 
the presence of noise in the signal and the amplitude of echoes are the main factors to 
be considered. The obtained results show that the developed transducer capable to 
provide a good signal echoes and the existence of noise is also low. Therefore, the 
Chapter 1 Introduction 
4 
 
third version of ultrasound transducer was developed to allow it to be used in spine 
surgery. Diameter size of the transducer was 4 mm and it is suitable to apply on 
vertebral bone surgery. The maximum diameter of transverse pedicle is ranged 7.10 
mm to 11.21 mm at fifth lumbar vertebrae (L5), while the minimum was at fifth 
thoracic vertebrae (T5) which ranged 3.10 to 4.82 mm [14]. 
 Insertion of pedicle screw requires a pilot hole as guidance in order to place 
the screw into desired position. The diameter size of pilot hole used was 4 mm due to 
the same size of ultrasound transducer used. Then, the transducer was inserted into the 
pilot hole in order to monitor and determine the existence of boundary between 
cancellous and cortical bones. Drilling of pilot hole was performed for several levels 
of hole depth. The maximum thickness of cancellous bone was measured by 
determining the first level of drilling hole that producing the cancellous-cortical 
boundary echoes. Another factor that needs to be considered in bone screw placement 
was the pullout strength of the screw. The correlation between drilling level of pilot 
hole depth and pullout strength of the screw was analyzed by measuring the pullout 
strength of screw for each level of pilot hole depth. Finally, a suitable position of 
screw placement that promising high pullout strength of the screw has been 
determined which is cancellous-cortical boundary and cortical area due to high bone 
density area. Therefore, the screw was successfully placed up to this area with 
guidance of ultrasound system. 
 
1.2 Organization of Thesis 
This thesis is divided into 6 chapters. Chapter 1 presents the introduction of overall 
topics that will be discussed in this thesis. Chapter 2 presents the measurement 
method of bone thickness using ultrasound transducer. There are many signal 
processing techniques used to analyze and recognize the signal. The proper signal 
processing technique is needed in order to recognize the ultrasound echo signal. The 
wavelet method was used for analyzing the ultrasound signal. The modified wavelet 
decomposition processing method has been proposed in order to analyze ultrasound 
signals. The detail of signal processing method has been described in Chapter 3. The 
bone thickness has been studied by previous researchers; however, there is no report 
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about the maximum size of cancellous bone that system can detect. It is important 
information in order to determine the remaining of cancellous bone and the thickness 
of cortical bone. When the cancellous bone thickness has been determined, the 
process of placing bone screw can be performed without damaging the cortical area. 
The injury happened when the screw passes through the cortical area. The details of 
method and analysis have been discussed in Chapter 4.  
 The placement of bone screw inside the cancellous has been performed in 
previous studies. However, the level of drilling depth provides different strength of 
gripping screw. The shallow drilling hole provides small pullout strength of screw and 
the depth of drilling hole provides the great pullout strength of the screw. Chapter 5 
was described the correlation between drilling depth of pilot hole and pullout strength 
of the screw. In addition, the ultrasound system has been used to guide the drilling 
depth of pilot hole and to determine the suitable level of pilot hole that has high 
pullout strength of the screw. The detail analysis has been explained in this chapter 
too. Finally, Chapter 6 summarizes the research findings and possible improvements 
of the current ultrasound measurement system. 
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Chapter 2 
An Ultrasound Technique of Bone Thickness 
Estimation for Pedicle Screw Insertion 
2.1 Introduction 
The human spine has 24 vertebrae, coded by number. The spinal lumbar region is 
between the thoracic regions and the sacrum as shown in Figure 2.1. Pedicles, as the 
strongest part of the vertebrae, maintain the bone-metal junction if large force is 
applied to the spine. Each side of a vertebra has its own pedicle. Bone tissue is made 
up of a mixture of minerals that give the strength and flexibility to the skeletons. 
Approximately 65% of the bone tissue are inorganic mineral, which provides the 
hardness of bone. The calcium and phosphorus are the major minerals that found in 
the bone. Then, the remaining 35% of the bone tissue is an organic protein matrix [15]. 
 
Figure 2.1 Structure of human vertebrae. 
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The human body has two types of bone -- spongy or cancellous bone, which has a 
higher surface-area-to-mass ratio because it is less dense, and cortical bone, which the 
outer layer and the hardest part of bone, covers cancellous bone. Both cancellous and 
cortical bones are also classified based on volume fraction. Cancellous bone, 
classified as trabecular, has less than 70% of volume fraction, while cortical bone has 
a volume fraction of more than 70% [16]. 
 Information on bone thickness is useful to surgeons in fixing pedicle screws in 
place. The quality of pedicle screw insertion continues to increase with the 
introduction of such techniques as navigation based on computed tomography and 
fluoroscopy. These techniques reduce error in pedicle screw placement and injury. 
However, the information reported on the real time measurement of depths drilled 
through cancellous bone, also known as trabecular bone or sponge bone, by the 
pedicle screw is minimal. It currently depends on palpation by the physician for 
judging the boundary between cortical and cancellous bone – an inaccurate technique 
that may produce errors in screw placement and the risk of injury during surgical 
processes. Ultrasound is used to help overcome such problems. 
 
2.1.1 Acoustic Wave 
Acoustic wave can be described as shear waves and compression waves. These waves 
are depending on the movement of particles to the wave propagation. If the direction 
of particle displacements parallel to the wave propagation, the wave is known as a 
longitudinal wave. If the direction of the particle displacements perpendicular to the 
wave propagation, the wave is known as a transverse wave. Distance between two 
successive crests is known as the wavelength. Then, the wavelength (λ,m) is given 
by the simple relationship between frequency (f, Hz) and speed (v, m/s) as shown in 
equation 2.1. 
fv   (2.1) 
 The speed of a wave is determined by the medium it travels through. When the 
wave enters the medium the speed will change and also the wavelength. However, the 
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frequency remains the same due to the time it takes to complete one cycle has not 
changed. One of the factors that influence the ultrasound speed is acoustic impedance 
of the medium. The acoustic impedance (z) of a medium can be determined using 
equation 2.2; 
vz   (2.2) 
Where  is the density of the medium and v  is the ultrasound speed. 
 
2.1.2 Ultrasound Speed 
The wave speed is the rate of ultrasound wave propagated through a medium. The 
ultrasound speed changes when passing through one medium to another medium due 
to different elastic properties which is material density. Theoretically, the ultrasound 
speed is lower in the materials that has a low density and vice versa. Table 2.1 below 
shows the range of ultrasound speed in several materials. 
Table 2.1 Ultrasound speed in materials. 
Material Speed (m/s) 
Water 1420 - 1600 
Cancellous bone 1400 - 1800 
Cortical bone 3000 - 4800 
 
2.1.3 Ultrasound Transducer 
There are several methods available for producing the ultrasound transducer and the 
common method used by researchers is piezoelectric effect. The piezoelectric is an 
important element for generating ultrasound waves. The voltage is applied on the both 
sides of the piezoelectric element. Then, the element oscillates by contracting and 
expanding in order to generate ultrasound wave. When the vibration is applied to the 
element or ultrasound wave, the element generates the voltage. These phenomena are 
shown in Figure 2.2 and Figure 2.3. 
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Figure 2.2 The piezoelectric element vibrates to produce ultrasound wave when voltage is 
applied. 
 
 
Figure 2.3 The piezoelectric element generates a voltage when applied with vibration. 
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 Piezoelectric ceramic (PZT) lead zirconate titanate is commonly used in 
medical application due to high efficiency. The ultrasound transducer has several 
essential components. There are piezocomposite, backing material, housing, acoustic 
insulator, copper tape and electrode. Figure 2.4 shows the components of ultrasound 
transducer. 
 
 
Figure 2.4 Components of ultrasound transducer. 
 
2.1.3.1 Piezocomposite Element 
The most important part of the transducer is a piezocomposite element. It has been 
placed near the front surface of the transducer. The thickness of the crystal controls 
the frequency of vibration. When the crystal vibrates, it will transmit the ultrasound 
wave in both directions from their both surfaces. The thickness (d) of the 
piezocomposite is equal to one half of the wavelength (λ). The equation 2.3 to 2.5 
below show the relationship between the thickness (d) and frequency (f). 

v
f   (2.3) 
d2  (2.4) 
d
v
f
2
  (2.5) 
Usually, the range of crystal thickness used in medical application is 0.1mm to 1 mm. 
The thinner piezocomposite used, the higher frequency obtained.  
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2.1.3.2 Acoustic Insulator 
A thin layer of material on the surface of ultrasound transducer called an acoustic 
insulator. The acoustic insulator is used to prevent vibrations that produced by the 
crystal from being transmitted into the transducer housing. Besides that, the function 
of acoustic insulator is to maximize transmission of ultrasound produced by a 
piezocomposite to the measuring material. Without acoustic insulator (matching 
layer), almost of the ultrasound wave will be reflected and little will be transmitted 
into material due to the large impedance difference between a piezocomposite and 
measuring material. Usually, the acoustic insulator is made of material which 
transmits ultrasound poorly and has an impedance between the piezocomposite and 
measuring material. Generally, the thickness of acoustic insulator is 1/4 of the 
ultrasound wavelength produced.  
 
2.1.3.3 Backing Material 
The backing material is placed behind the piezocomposite and it is made of a material 
that can absorb the ultrasound wave. The ringing of piezocomposite is decreasing by 
the effect of backing material. Therefore, the spatial pulse length become short and 
improves axial resolution 
 
2.1.3.4 Electrode and Copper Tape 
The copper tape is placed on the front and back surface of piezocomposite. The 
function of copper tape is to facilitate connection to the electrode. Thin size of copper 
tape allows the acoustic insulator to attach properly to the surface of piezocomposite. 
So that the ultrasound wave could be transmitted and received by the piezocomposite 
very well. Two electrodes are used which live connection and earthed connection to 
protect the human from electrical shock. 
 
2.1.3.5 Housing of Transducer 
The function of transducer housing is to cover all internal components. 
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2.1.4 Ultrasound Backscattered Measurement 
An ultrasound wave has a center frequency of more than 20 kHz. With its uses 
increasing annually in number, and ultrasound has been used for decades in many 
applications, in civil engineering to detect cracks in beams, on ships to measure ocean 
depth and in medical areas such as diagnostics. The ultrasound-based diagnostic 
sonographic scanner operates in a frequency range of 2-18 MHz and is mostly used in 
cardiology to diagnose dilation of the heart and to estimate fetal cranial volume. 
 In this study, the ultrasound transducer transmits pulses and propagates them 
to cancellous bone. When the signal contacts the bone surface, the backscattered echo 
is picked up by the transducer receiver, called pulse echo and used in medical 
applications for decades. Pulse echo provides a new way to assess bone features. In 
the clinical setting, transverse and axial transmission is generally used at peripheral 
skeletal sites such as the forearm and heel. In contrast, pulse echo may ease access to 
skeletal sites such as the hip and spine. 
 
2.1.5 Pedicle Screw 
The pedicle screw is a surgical screw that was used since the 1940s and was originally 
designed to stabilize spinal bone [17]. The pedicle screw has several advantages over 
other methods such as greater pullout strength [18], more sagittal control, and, with 
three-column fixation, the most rigid construct [19], [20].  
 The pedicle screw usually provides greater rigidity with an improved fusion 
rate, and was designed to be implanted in vertebral pedicle bone. Although originally 
used for fixing the spine in place, the pedicle screw has several limitations [21]. It is 
difficult to use in pediatric subjects because of their small spines, for example, and 
pedicle screw fixation is limited by structural variations in pedicle conformation [22], 
[23]. Precision in pedicle screw placement depends greatly on the surgeon’s skill and 
experience. 
 Error in pedicle screw placement is also high, and the screw may cause neural 
injury or cracks to the bone if it penetrates the pedicle cortex. In surgery, it also 
involves the risk of blood loss and a high infection rate. 
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2.1.6 Pedicle Screw Placement 
Free-hand pedicle screw insertion, which has been used since 1940, is the technique 
with which most surgeons are familiar. The free-hand technique, which requires 
surgical skill and experience to be successful. The technique has a screw 
misplacement and injury rate from 15% to 56%, depending on the surgeon’s skill [24–
26]. The accuracy of pedicle screw insertion has been increased using image-guided 
computed tomography, which has reduced the need for radiation during surgery [27], 
[28]. Advances in navigation systems have broadened the use of the pedicle screw to 
the cervical spine and thorax, for example. 
 The automatic or robotic platform technique has also improved pedicle screw 
placement, reducing screw misplacement. It is costly, and requires a long learning 
curve, making it mostly unsuitable for small hospitals or clinics [24], [29], [30]. 
Despite being fully automated, pedicle screw placement in the spine is still performed 
using computed tomography for monitoring. 
 The template technique proposed by Sheng Lu et al. in 2012 was applied in 
scoliosis subjects [31]. This technique is easy to use and the surgeon can decide 
location, orientation and screw size before surgery. Pedicle screw insertion also 
avoids injury to the blood vessels and bone. One disadvantage of this technique is that 
the surgeon must remove muscle and fat attached to the bone, and cleaning requires 
that the surgeon be more careful during surgery not to damage the bone surface and 
ensure that the drill template fits properly on the lamina. 
 
2.1.7 Bone Thickness Measurement 
In 2011, Regine Wolff et al. described a new way to determine thin hard tissue 
structures by using infrared light [32]. They examined the possibility of measuring 
bone thickness by measuring light reflection. Specimens used in experiments were of 
bone tissues with different thicknesses. Light radiation was analyzed to obtain 
information on these specimens. The pixel was used to measure the light intensity of 
individual specimens.  
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 Results showed that the receiver received low illumination, so average 
intensity increased with increasing bone thickness. All specimens tested gave the 
same pattern of results. However, they did not compare the average intensity for 
different specimens. 
 Other researchers used the ultrasound transducer to measure bone thickness. 
Janne et al. used two ultrasound transducers and computed tomography scanner to 
measure cortical bone layer thickness [33]. Their objective was to determine the 
relationship between cortical bone and the ultrasound pulse echo using signal 
processing envelope and cepstral methods, from which results showed a high 
correlation (r ≥0.95) between the thickness obtained using digital calipers and signal 
processing. However, It is difficult to place two transducers on opposite sides of a 
bone to determine cortical bone thickness in the spine during surgery. Hakim et. al 
measured cranial bone thickness using A-mode ultrasound and compared results with 
measured using digital calipers [34]. 
 In 2009, Tretbar et. al used the ultrasound transducer to measure skull bone 
thickness in experiments with different pulse characteristics measured in water with a 
2.25 MHz ultrasound transducer directly attached to specimens and using coded 
excitation to enhance the ultrasound back echo signal [35]. The study by Tretbar et. al 
used 16 randomly selected specimens of human cadaveric skull bones and measured 
the average difference bone thickness using a SonoPointer and the value measured by 
digital calipers was 0.04 ±0.62 mm. 
 Despite the many techniques reported in clinical studies, data in the literature 
on real-time bone thickness measurement remains insufficient. Most bone thickness 
measurements are based on a computed tomography scanner. Bone thicknesses were 
also measured using a pair of ultrasound transducers, i.e., a transmitter and receiver, 
which is not suitable in clinical applications due to the narrow space measured. Our 
study used only one transducer working as both the transmitter and receiver in 
measuring bone thickness. Furthermore, it is important that the pedicle screw be 
inserted safely as determined by measuring bone thickness using an ultrasound 
transducer. This study employed the pulse-echo technique and focused on measuring 
cancellous bone thickness and corroborating ultrasound versus caliper measurements. 
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The detection system was developed using a C++ builder and through this system, the 
signal will be analyzed for signal peak detection and time interval determination. 
 
2.2 Methodology 
2.2.1 Specimens Preparation 
The study described here examined the possibility of measuring bone thickness using 
back echo reflection alone from the ultrasound transducer. Five porcine specimen 
bones with different thicknesses were used to verify this hypothesis experimentally. 
Individual specimens were each divided into different areas or parts to measure bone 
thickness. A different area from each specimen was divided based on bone size as 
shown in Figure 2.5, yielding 12 individual bone areas measured. The Echo 
backscatter amplitude was measured at the center of each specified area and each area 
was measured five times to examine measurement values. Before experiments were 
run, all specimens were degassed in water for 24 hours to improve the propagation 
rate of ultrasound signals through specimens. Boiling was used to remove all soft 
tissues such as blood, fat and muscles. 
 
 
 
Specimen 1 
 
 
 
Specimen 2 
 
 
 
Specimen 3 
 
 
 
Specimen 4 
 
 
 
Specimen 5 
Figure 2.5 Specimens for measurement divided into different parts based on specimen size. 
 
2.2.2 Signal Processing 
The signal produced by the ultrasound transducer was analyzed to determine time 
interval Δt between the transducer and the echo backscatter area. The detection 
system was developed using a C++ builder and through this system, the signal is 
analyzed for detecting signal peaks and determining time intervals as shown in Figure 
2.6. Basic algorithms used are as follows, 
AA CB
A C
B A
B A
B
C
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0.2)>1])-Data[i-(Data[i]  (2.6) 
0.1)<1])Data[i-((Data[i]   (2.7) 
 
where Data[i] is a data sample that starts from i=1 to total number of data, i=n. The 
threshold value was set to 0.2 V for the inclining peak and to 0.1 V for the declining 
peak. When condition of both equations are fulfilled, the travel time value is 
determined. Travel time is a term referring to the ultrasound signal travels from the 
surface of the ultrasound transducer to the surface of the material to produce an echo 
on the material surface. The travel time is usually measured by determining the two 
echoes are produced at two material surfaces.  
 
Figure 2.6 Experimental setup for measuring bone thickness. 
 
 Bone thickness measurement is detailed in Figure 2.7. The thickness of 
individual specimens was measured at the same position. All measurements were at 
room temperature, i.e., 25°C. The variable of “a1” in Figure 2.7 shows that the area of 
the first echo that appears refers to a plastic (acrylic) echo and “a2” refers to a bone 
echo. Time interval between the transducer and acrylic, t(a1) was measured based on 
pulse travels flight times from the transducer to a1 and return to the transducer. In 
addition to the time interval between the transducer and bone, t(a2) was measured 
based on pulse travel flight times from the transducer to a2 and return to the 
transducer. In-bone time interval only Δtb is calculated using equation 2.8, then Δtb 
was used to estimate bone thickness. Sound velocity c in the material must be known 
because different materials have different sound velocities. Equation 2.9 was therefore 
used to estimate bone thickness [36], 
Water tank
Pulse 
generator
PicoScope
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d

  (2.9) 
where c is specimen sound velocity in meters per second and d is specimen thickness 
in meters. 
 
Figure 2.7 Bone thickness measurement details. 
 
 In experiments, an ultrasound transducer with 10 mm diameter and acrylic 
were used to estimate the bone thickness. Acrylic has a 20 mm thickness was attached 
to the bone surface to produce a time delay before the bone pulse echo appeared. The 
thicknesses of the specimens were ranged 1 mm to 3 mm. If the ultrasound transducer 
is attached directly to the bone surface, the time interval between the transducer and 
the bone could not be measured because the starting point of back echo appears in a 
blank area as shown in Figure 2.8. The acrylic has been used to create a gap between 
the transducer and bone and the starting point of bone echoes is shifted to the positive 
area. Therefore, the time interval between the pulse transducer and acrylic was easy to 
determine. Figure 2.8 shows a sample echo received in experiments. 
 
Figure 2.8 Ultrasound signal analysis. 
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 The second echo was determined by examining the peak after 1.5 us from the 
first peak. The delay time of 1.5 us was referred to the minimum thickness of bone 
used in this study. The echoes were ignored when the echoes appears in the range of 
1.5 us from the first peak.  
 Ultrasound wave velocity in the material is important for calculating distance 
beforehand. Ultrasound wave velocity in acrylic was 2760 m/s and cancellous bone 
used in the experiments was 1566 m/s. In 1997, Hosokawa and Otani reported 
ultrasound wave propagation in bovine cancellous bone, i.e., 1450 m/s propagation 
velocity. They performed the experiment in distilled water at 23±0.5 oC. Jin Ho 
Chang et al. performed the experiment under water bath and used 1500 m/s ultrasound 
wave velocity in cancellous bone to measure ultrasound response in bovine vertebral 
bodies [16]. Mujagic et al. also used the same ultrasound wave velocity in cancellous 
bone, i.e., 1500 m/s. [37]. They performed the experiment in water tank at room 
temperature.  In the study reported in this paper, we used 1566 m/s ultrasound speed 
based on the results of our experiments. 
 
2.2.3 Experimental Setup 
Our study used a transducer, a pulse generator/receiver and an AD converter. The 
ultrasound transducer center frequency was 2.5 MHz and the transducer was 10 mm 
in diameter. The transducer was used in experiments as a transceiver. Bone thickness 
was estimated using a standard approach involving a pulse echo in a water tank. A 
pulse generator filtered out unwanted signals and amplified ultrasound signals. An 
AD converter (PicoScope 3205A series PC oscilloscopes, Pico Technology) was used 
as an oscilloscope to display signals received from the pulse generator/ receiver. The 
AD converter was designed to perform a variety of applications such as spectrum 
analysis and a variety of mathematical calculations on input signals.  
 The experimental setup is shown in Figure 2.6. Prior experiments were run, 
the thickness of all specimens was measured manually using highly precise vernier 
calipers, which the accuracy was 0.1 mm. Caliper values were used for comparing and 
validating experimental values because most researchers used calipers in their work 
[38], [34]. 
Chapter 2 An Ultrasound Technique of Bone Thickness Estimation for Pedicle Screw Insertion 
19 
 
 
2.3 Results 
The thickness of all specimens was measured using the ultrasound transducer. 
Calculated results were compared to manual readings using vernier calipers. As 
explained in the previous section, the experiments used acrylic 20 mm thick to 
measure bone thickness. The time required for measuring each part of the specimen 
was measured five times. Figure 2.9 shows specimen 1 results for part A. The average 
signal travel flight time in bone for part A which is from 1st peak to 2nd peak was 
1.922 μs, for part B 1.988 μs and for part C 1.876 μs. The average bone thickness 
measured by the pulse echoes for part A was 1.505 mm, 1.557 mm for part B and 
1.469 mm for part C. The standard deviation was 0.065 mm for part A, 0.169 mm for 
part B and 0.105 mm for part C. Table 2.2 shows the details results. 
 As shown in Table 2.2, bone thickness value determined using the pulse-echo 
technique were similar to reference values measured using vernier calipers, i.e., 1.460 
mm for part A, 1.720 mm for part B and 1.830 mm for part C. The bone thickness 
error between pulse-echo and caliper values for specimen 1 was 3.077% for part A, 
9.500% for part B and 19.732% for part C. Specimen 2 was divided into three parts. 
Pulse travel flight time in specimen 2 averaged 2.826 μs for part A, 3.284 μs for part 
B and 3.562 μs for part C. Specimen 2 bone thickness was measured based on the 
time determined from when an echo appeared. The measurement of bone thickness 
using the pulse-echo technique was 2.213 mm for part A, 2.571 mm for part B and 
2.789 mm for part C. The percentage difference between pulse-echo and caliper 
measurement value averaged 1.216% for part A, 0.838% for part B and 11.117% for 
part C. Specimen 3 pulse travel flight time averaged 1.726 μs for part A, 1.686 μs for 
part B and 2.156 μs for part C. The actual specimen 3 thicknesses measured using 
calipers was 1.580 mm for part A, 1.410 mm for part B and 1.760 mm for part C. 
Specimen 3 percentage error between pulse-echo and caliper measurement was 
0.490% for part A, 6.373% for part B and 4.083% for part C.  
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A. Ultrasound wave for Part A of specimen 1. 
 
 
B. Ultrasound wave for Part B of specimen 1. 
 
 
C. Ultrasound wave for Part C of specimen 1. 
Figure 2.9 Ultrasound wave results for specimen 1. 
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 Specimen 4 was divided into two parts, A and B. Thickness measured using 
vernier calipers was 2.880 mm for part A and 2.830 mm for part B. The percentage 
difference between pulse-echo and vernier caliper measurement was 4.354% for part 
A and 21.091% for part B. Specimen 5 flight time travel was 3.504 μs and bone 
thickness measured by the pulse-echo technique averaged 2.744 mm compared to 
3.25 mm measured using vernier calipers. The percentage difference between the two 
measurements was 15.581%. The highest percentage difference in this study between 
the two measurements was 21.091% for specimen 4 part B and the lowest 0.838% of 
specimen 2 part B. Percentage differences were significantly lower for other 
specimens. The bone thickness percentage difference for all specimens averaged 
8.121% and standard deviation was 0.200 mm, showing that the accuracy of the bone 
thickness measurement using an ultrasound transducer and 20 mm acrylic was 
91.879%. Table 2.2  shows that the minimum specimen thickness of 1.460 mm, as 
measured using the pulse-echo technique, while the error was only 0.045 mm. 
Maximum thickness of 3.250 mm was measured using pulse-echo technique and error 
was 0.506 mm. Statistical analysis showed that results correlated well at r = 0.9191 
between thicknesses obtained by the two methods, as shown in Figure 2.10. 
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Table 2.2 Flight time of signal travel in bone, Δtb and Comparison of bone thickness using vernier calipers and the pulse-echo technique. 
 
Flight Time of Signal Travels In Bone, Δtb, 
us 
Average, 
us 
Bone Thickness (Pulse-echo 
technique), mm 
 
Average, 
mm 
Bone 
Thickness 
(Vernier 
Calipers), mm 
Error 
Specimen 1  2  3  4  5  STD  1  2  3  4  5  STD   mm % 
1 A 1.830 1.850  2.020  1.990  1.920  0.083  1.922  1.433  1.449  1.582  1.558  1.503  0.065  1.505  1.460  0.045  3.077  
1 B 1.800 1.920  2.360  1.950  1.910  0.216  1.988  1.409  1.503  1.848  1.527  1.496  0.169  1.557  1.720  0.163  9.500  
1 C 1.960 2.030  1.920  1.730  1.740  0.135  1.876  1.535  1.589  1.503  1.355  1.362  0.105  1.469  1.830  0.361  19.732  
2 A 2.870 2.840  3.080  2.500  2.840  0.208  2.826  2.247  2.224  2.412  1.958  2.224  0.163  2.213  2.240  0.027  1.216  
2 B 3.170 3.350  3.470  3.290  3.140  0.135  3.284  2.482  2.623  2.717  2.576  2.459  0.106  2.571  2.550  0.021  0.838  
2 C 3.750 3.580  3.430  3.470  3.580  0.124  3.562  2.936  2.803  2.686  2.717  2.803  0.097  2.789  2.510  0.279  11.117  
3 A 1.550 2.320  2.180  2.180  1.810  0.318  2.008  1.214  1.817  1.707  1.707  1.417  0.249  1.572  1.580  0.008  0.490  
3 B 1.670 1.620  1.850  1.630  1.660  0.094  1.686  1.308  1.268  1.449  1.276  1.300  0.074  1.320  1.410  0.090  6.373  
3 C 2.300 1.680  2.340  2.320  2.140  0.278  2.156  1.801  1.315  1.832  1.817  1.676  0.217  1.688  1.760  0.072  4.083  
4 A 3.650 3.670  3.760  3.300  3.210  0.246  3.518  2.858  2.874  2.944  2.584  2.513  0.192  2.755  2.880  0.125  4.354  
4 B 2.960 3.000  2.980  2.820  2.500  0.209  2.825  2.318  2.349  2.333  2.208  1.958  0.164  2.233  2.830  0.597  21.091  
5 A 3.470 3.390  3.390  3.580  3.690  0.130  3.504  2.717  2.654  2.654  2.803  2.889  0.102  2.744  3.250  0.506  15.581  
AVERAGE 0.191  8.121  
STD 0.200  7.308  
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Figure 2.10 Statistical results between the calipers and pulse-echo technique. 
 
2.4 Discussion 
The pedicle screw provides stability and rigid fixation in problems of the spine. 
Although its use in spinal fixation is increasing, however, the pedicle screw has 
limitations. Based on previous research, the overall error rate ranged from 15% to 
56% for the free-hand technique [39], [26]. By using a free-hand technique, about 
10% of cases were happening in the intraoperative period, such as nerve root injury, 
vascular injury, pedicle fracture, bleeding, insufficient screw positioning and screw 
penetration of the cortical bone.  
 Screw placement accuracy was improved using image-guided techniques, 
which reduced the screw fixation error rate between 10% to 53% [26]. C-arm 
fluroscophy, particle probes and serial radiology are used during the surgical process. 
Carbone et al. used this method for placing 126 thoracic screws in 22 subjects having 
thoracic thoracolumbar injury. The penetration rate was 12.7%, which means that 16 
screws penetrated the cortical area in these 22 subjects [40]. Although this technique 
made pedicle screw insertion more accurate, the percentage of screw misplacement 
was still high. Image-guided technique also has disadvantages such as high radiation 
exposure during use of the fluoroscopy machine [41] and long surgery time. 
Fluoroscopy machines also do not provide the axial plan view. This view is important 
to spinal fixation because it provides critical trajectory information.  
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 Pedicle screw length and diameter are determined preoperatively using CT 
scanning, which is comparatively easy to use and whose imaging provides detailed 
information for pedicle screw placement. CT scanning is often used postoperatively 
by surgeons to determine the position of pedicle screw placement. CT scanning 
provides bone thickness and pedicle screw dimension data, which were collected pre- 
and postoperatively. Pedicle screw positioning in the spine is determined 
postoperatively using the fluoroscopy machine. Surgeons usually use pedicle probes 
to monitor drilled hole depth before inserting the pedicle screw. However, the 
surgeons do not know the remaining thickness of cancellous bone has been drilled. 
The remaining thickness of cancellous bone is very important information to the 
surgeons in order to avoid bone injury. During surgery, most surgeons also use 
pedicle probes to determine the boundary between cancellous and cortical bones, 
although this is not accurate. Although many researchers have compared different 
pedicle screw insertion techniques [42], [26], they did little to determine the boundary 
between cancellous and cortical bones in fixing pedicle screws.  
 This paper has demonstrated the use of a simple ultrasound transducer based 
on the pulse-echo technique for measuring bone thickness. This proposal for using 
ultrasound measurement may thus provide more accurate estimations of bone 
thickness. The suitability of sound velocity has been reported for use in cancellous 
bone when measuring bone thickness. The study of ultrasound assessment for 
determining bone mineral has been reported elsewhere [43], as has bone thickness 
measurement [38].  
 Pulse-echo mode has provided information useful in predicting bone thickness 
for the pedicle screw insertion. Sound velocity in cancellous and cortical bones was 
not constant because of the bone properties themselves. Sound velocity used in 
several studies has been found to be between 1400 m/s and 2000 m/s [16]. In addition 
to sound velocity in cortical bone, small sound velocity variations occur from 3200 
m/s to 3485 m/s [37], [35] adversely affecting the accuracy of bone thickness 
measurement. The study detailed in our paper used cancellous bone layer sound 
velocity at 1566 m/s to measure bone thickness, finding a relatively small variation in 
bone thickness compared to manual measurement. This demonstrates the results of 
percentage differences between experimental and manual measurements of 90% for a 
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standard deviation of 0.200 mm. The results obtained showed that the thickness of 
cancellous bone could be determined using pulse echo mode and this information 
helps the surgeons to place the pedicle screw to the desired position. 
 
2.5 Conclusion 
An ultrasound transducer applying the pulse-echo technique has been used to 
determine bone thickness. As shown in Table 2.2, bone thickness error averaged 
0.191 mm (8.121%). Standard deviation in average error was 0.200 mm -- smaller 
than that of previous methods by several researchers. This value has demonstrated 
that this accuracy is almost 90.00%. Results for our proposal also have correlated 
highly at r = 0.9191 between thickness obtained using vernier calipers and that 
obtained using the pulse-echo technique. In conclusion, this method has proven 
suitable for use in measuring bone thickness for pedicle screw insertion, although 
more research is needed. 
  
Chapter 3 Analysis of Multiple Ultrasound Echoes for Cortical Bone Thickness Measurement Using 
Wavelet Decomposition Processing Method 
26 
 
Chapter 3 
Analysis of Multiple Ultrasound Echoes for 
Cortical Bone Thickness Measurement Using 
Wavelet Decomposition Processing Method 
3.1 Introduction 
Acoustic Emission (AE) is a technique that increasingly popular over the last few 
decades that utilized the ultrasound range of acoustic sound [44], [35]. This technique 
is very popular, especially in the health monitoring of structures such as buildings, 
bridges, wind turbines and transport vehicles [16], [45], [46]. The ultrasound wave 
continuously propagates in the material such as metals or concrete. Burst signal is 
generated when the ultrasound wave reached any object (crack or flaws) inside of the 
material. This burst signal is easy to recognize using the ultrasound sensory system. 
Based on the capabilities of the ultrasound system to detect cracks or flaws in civil 
fields, same system can also be utilized for bone characteristic classification [47], [48]. 
In tissue engineering, the bone can also consider as a complex nano-composite 
materials and it can release ultrasound signals if it is under excessive stress or impact. 
Ultrasound is one of the low cost, and accurate techniques used in clinical practice to 
diagnose bone characteristics such as bone mineral and bone thickness. In the 
determination of the bone thickness, some researchers successfully implemented pulse 
echo mode using a pair of transducers that works as a transmitter and receiver. In 
medical area, the ultrasound transducer has been used in several applications, 
especially in the diagnostic task [43], [38], [49]. The diagnostic sonographic scanner 
based on ultrasound technique operates in the frequency ranged of 2 to 18 MHz, 
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which, mostly used in the medical field (e.g. in cardiology system to diagnose dilation 
of parts of the heart) and has been used to estimate fetal cranial volume too. 
Computed tomography (CT) scanning machine is commonly used for 
measuring bone thickness. Eggers et al. performed an experiment by comparing the 
skull bone thickness using a CT scan with mechanical caliper measurements. The CT 
scan resolution in both the x- and y-axes was 0.47 mm. The accuracy of the result was  
0.4 ± 0.2 mm for CT imaging. However, this method required image guidance in 
order to determine the bone thickness [16]. In 2008, Janne et al. used ultrasound 
transducer to measure the bone thickness. They used ultrasound transducer and CT 
scan machine for measuring the cortical bone layer thickness [33]. A pair of 
ultrasound transducer was used in the study. The study was to recognize the 
relationship between the cortical bone and pulse echo of ultrasound. By using a signal 
processing technique (envelope and Cepstral methods), the results showed high 
correlations (r ≥0.95) between the value of bone thickness obtained from signal 
processing technique and the caliper device. In the actual operation situation, a 
method which requires to place two transducers on both sides of the bone, is not 
suitable for determining the cortical thickness of the spine. Hakim et. al measured 
cranial bone thickness using A-Mode (Amplitude-Mode) ultrasound and compared 
the measurement with a digital caliper [34]. The experiment was carried out in the 
skull bone and the results showed that the percentage difference was 0.1% to 6.7%. 
As well as Steffen et. al in 2009 used the ultrasound transducer to measure the skull 
bone thickness. They performed the experiment in different pulse characteristics 
where they measured in water, and directly attached 2.25 MHz ultrasound transducer 
to the specimens [35]. The coded excitation (CE) was used in this experiment to 
enhance the back echo of ultrasound signal.  
For spine surgery, the information of bone thickness is required in order to 
avoid injury. The current situation, it depends on the doctor’s experience to judge the 
boundary between the cancellous and cortical bones using pedicle probe. When 
pedicle screw penetrates the cortical bone, a serious injury could be happened such as 
paralysis. Therefore, to determine the cortical boundary as well as bone thickness, an 
ultrasound transducer will be used. Most of the measurement of the bone thicknesses 
used a pair of ultrasound transducer which is not suitable in surgical process. 
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Moreover, by using the CT scan machine, image guidance is needed to determine 
bone thickness. The cost of a CT Scan machine is too expensive when compared with 
the ultrasound system. The ultrasound method provides real time measurement, cost 
effective, non-invasive and high resolution when using signal processing technique. 
Without using a specific signal processing algorithm, the accurate results are 
difficult to achieve and the reliability system is low. Although this study used a pulse 
generator with built in amplifier and filter, the received signal is not clean enough and 
difficult to access the correct echoes. A PC (personal computer) oscilloscope 
(PicoScope3205A, Pico Technology) is used to display the signal echoes and the 
thickness of the specimen is calculated based on the time interval between both 
echoes appeared on the surface of the cortical bone. However the determination of 
peak value for each echo is manually performed by clicking the mouse on echoes 
peak and then read the value appears. When this process is performed at different time, 
the obtained results are not consistent due to human error. To avoid this problem, a 
specific signal processing has been developed by researchers.  
The cross-correlation method is widely used [50] for detection of echoes in 
noisy signals and estimation of the flight time of signal travels in the material. In this 
method, the cross-correlation function between the two digital sequences which are 
the transmitted and echo signals is calculated [51–53]. In 2003, Keith Wear et. al 
proposed pulse-echo ultrasound method for determining tibia cortical layer thickness 
using the autocorrelation method. However, its performance is sensitive to window 
size and noise [38]. 
The wavelet technique is an established technique to remove the noises in the 
signals [54], [55]. Kazys et al. applied discrete wavelet transform on ultrasound signal 
to detect the location of defects in a three-layer polypropylene pipe [56]. Based on 
optimized mother wavelet "Symlet-8", the unwanted signal was removed and the 
absolute measurement error of the defect was less than 1.0 mm. In 1994, Xu and 
Greenleaf applied wavelet transform to cross correlation processing in the ultrasound 
signal for measurement of velocity profile and tissue motion in blood flow [57]. The 
obtained result was better than conventional cross correlation method that means 
smaller estimation mean-squared-errors and smaller estimation failure rates. Then, the 
wavelet algorithm has been used for ultrasound traveling through the cancellous bone 
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[58]. The analysis also provides a tool for theoretical investigation into the interaction 
of ultrasound in the cancellous bone. Comparison of the performance between 
wavelet transform method to traditional filter and Short-time Fourier transform 
(STFT) for measurement of bone density has been done by Song and Feng [59]. In the 
results, the traditional filter and STFT provide that the repeatability of the tests is not 
so good and relatively large errors. However, the wavelet transform method provides 
better results of bone density detection. For material thickness, Loosvelt proposed 
wavelet method to determine the thicknesses of the parallel piped plates and bone 
samples. The obtained results show a small error which is less than 3% using wavelet 
method while pulse-echo method gave errors ranging from 3.5% to 47.0% for plate 
thickness measurement [60]. For the bone specimens, two cortical areas of bovine 
were used for thickness measurement. The wavelet-based processing method and 
pulse-echo method gave an error between 3% and 7%. 
Therefore, this paper used one ultrasound transducer that works as both 
transmitter and receiver for measuring cortical bone thickness and it is suitable for 
medical purpose, especially in spine surgery. New wavelet decomposition processing 
method (WDPM) is proposed and applied in ultrasound signal processing. Pulse-echo 
method is performed for validating the proposed system. Although this method is 
established and frequently used in the experiment, however, it is not suitable to apply 
directly in this study and it needs another signal processing algorithm. The 
combination algorithm between WDPM and peak detection are developed and applied 
in the automated cortical bone thickness measuring system. 
 
3.2 Methodology 
This study aims to detect the reflected echoes from different materials and determine 
the cortical bone thickness. Fifteen regions of interest of three bovine cortical bones 
and one acrylic with 20 mm thickness were used for recognizing the cortical bone 
echo. Before performing the experiment, surrounding tissue of the bones was cleaned. 
The cortical bone thickness was manually measured with highly precise digital 
vernier calipers and the accuracy of the device was 0.1 mm. These values were used 
for comparing the experimental value [61].  
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Pulse echo technique has been applied in this study. The experiment was 
performed in water tank with temperature 27 degrees Celsius. All specimens were 
soaked in the water for 24 hours in order to remove air or bubbles in the specimen. 
Ultrasound transducer with 2.5 MHz center frequency and 10 mm diameter size were 
used and operated as a transmitter and receiver. The sampling frequency was 250 
MHz. The previous experiment was conducted for measuring the ultrasound speed in 
acrylic, cortical bone of porcine, cortical bone of bovine and water. The ultrasound 
speeds were 2694 m/s, 3800 m/s, 3440 m/s and 1500 m/s, respectively [16], [37]. 
Figure 3.1 shows the experimental setup and the received signal is acquired by a 
personal computer via an A/D converter (Picoscope 3205A) to display and keep the 
ultrasound data. 
Three experiments have been conducted in order to analyze the multiple 
echoes. The first experiment was performed using acrylic as a reflector as shown in 
Figure 3.1. Echoes appeared on the back of acrylic surface,
4a is used as a reference 
echo in determining the cortical bone echoes. The second experiment was conducted 
without using acrylic. The purpose of the second experiment was to examine whether 
the cortical bone echoes could be determined or not. The last experiment was 
implementation of WDPM. 
 
Figure 3.1 Experimental setup for reflection echoes analysis. 
 
3.2.1 Analysis of Signal Flight Time of Several Materials 
The ultrasound transducer was separated from the bone, while the bone was placed 
properly to the acrylic surface as shown in Figure 3.1. The experiment has been 
performed in the water tank. In this figure, 
1
a  shows interval between water and the 
 
Ultrasound 
transducer 
Cortical bone 
     Acrylic 
a1 a2 a3 a4 
water 
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surface of the bone. Back surface of the bone was represented as 
2a . In the actual 
experiment, there are gaps between the cortical bone and the acrylic surface due to 
non-flat surface of the bone and it was represented as 
3a . Then, the signal propagates 
through acrylic and reaches the other side. This point was represented as 
4a . Several 
parameters have been used in order to analyze the multiple echoes that appeared on 
the signal. Cortical bone thickness was 0.9 mm to 1.2 mm. Then, the distance of the 
gap was ranged from 0.0 mm to 1.0 mm. The thickness of the acrylic was 20.0 mm. 
The detail of parameters is shown in the Table 3.1. Based on Table 3.1, the 
parameters have been used are ultrasound speed, time of flight and thickness of each 
material. The flight time of signal travels from each material to transducer can be 
identified through equation 3.1 and 3.2; 
2
vt
d   (3.1) 
v
d
t
2
  (3.2) 
where, d is distance and v is the ultrasound speed in material. Since, the thickness of 
the cortical bone ranged between 0.9 to 1.2 mm, the time of round-trip flight from 
transducer to 2a  was between 0.47 us and 0.63 us. The time of round-trip flight from 
transducer to 3a  was between 0.00 us and 1.30 us. Then, the time of round-trip flight 
from transducer to 4a  was 14.80 us. Equation 3.2 was used to calculate the time of 
flight, t of signal travels through each material. 
 
Table 3.1 Parameters setup for reflection echoes analysis. 
Materials 
Ultrasound speed 
(v, m/s) 
Time of flight 
(t, us) 
Thickness/ distance 
(d, mm) 
Cortical bone 3800 0.47 <t< 0.63 0.9 <d< 1.2 
Water 1500 0 <t< 1.30 0 <d< 1 
Acrylic 2694 14.80 20.0 
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3.2.2 Detection of Multiple Echoes by Placing the Acrylic Behind Cortical Bone 
In a real situation, the multiple echoes were appeared in the signal due to non-flat of 
the bone surface. The suitable algorithm should be developed to determine the real 
echoes that refer to back surface of the cortical bone. Based on the information in 
Table 3.1, the detection of the back surface echo was determined. Three steps have 
been used for analyzing the multiple echoes. 
Step 1) Calculation of Time Interval Between Front and Back Surface of Bone Echoes. 
Step 2) Calculation of Time Interval Between Back Surface of the Bone and Front 
Surface of the Acrylic. 
Step 3) Calculation of Time Interval Between the Front and Back Surface Echoes of 
Acrylic. 
 
3.2.2.1 Step 1) Calculation of Time Interval Between Front and Back Surface of 
Bone Echoes. 
The ultrasound signal is propagating through the water and reaches the surface of 
cortical; 
1a with speed of ultrasound in water was 1500 m/s. Then, some of ultrasound 
signals were reflected back to the transducer. The time of round-trip flight of signal 
from the transducer to 
1a represent as Δt1, while other signals keep propagating 
through the bone with increasing the ultrasound speed due to impedance different of 
material. The time of flight in the bone, Δtb is shorter than Δt1. Then, the echoes were 
appeared on the back surface of the bone, 
2a . As assuming the surface of the bone 
was non-flat, some ultrasound signals were reflected as echoes and the rest were 
scattered at the boundary. The time of flight Δt2 from the transducer to 2a  is shown in 
equation 3.3. 
bttt  12  (3.3) 
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3.2.2.2 Step 2) Calculation of Time Interval Between Back Surface of the Bone 
and Front Surface of the Acrylic. 
Ultrasound signal is propagating in the cortical bone and producing the echoes at 2a  
called as back bone echoes. As assuming the gap is fully covered by water, the signal 
keeps propagating through the water until reaching the front surface of the acrylic, 3a . 
The peaks of the echoes at 2a  and 3a  were used to determine the time of flight in the 
gap, Δtg. Then, the total flight time at 3a is shown in equation 3.4. 
gb tttt  13  (3.4) 
 
3.2.2.3 Step 3) Calculation of Time Interval Between Front and Back Surface 
Echoes of an Acrylic. 
The acrylic was used as a reference in order to identify the other echoes. Acrylic was 
placed on the back side of the bone. A signal came from the front surface of the 
acrylic, 3a was propagating through the acrylic medium with 2694 m/s ultrasound 
speed. Then, the echoes were reflected back on the back surface of the acrylic, 4a . 
The flight time of signal travels inside the acrylic, Δtp is determined from 3a  to 4a . 
Theoretically, the echoes at 4a will appear at the end of the signal. If the echoes do 
not appear in the signal, the determination of the back bone echoes could not be 
performed. Then, the total time of flight from transducer surface to 4a  is shown in 
equation 3.5. 
pgb ttttt  14  (3.5) 
Once the echoes at 
4
a is determined, bone thickness can be calculated using the 
previous equation. 
 
3.2.3 Detection of Multiple Echoes Without an Acrylic 
During surgical process, the transducer will be placed on the front surface of the bone. 
If an acrylic is used, it should be placed on the back surface of the bone as the 
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previous section. The practical surgical process cannot permit to do so. Therefore, the 
second experiment was performed to determine bone thickness without using an 
acrylic. All the procedures used in this study were similar to the previous section. The 
ultrasound transducer was placed near to the surface of the bone with specific distance, 
while a jig was attached properly to the bone. The ultrasound signal was passed 
through the water and reached the surface of the cortical bone at 1a . Some parts of 
ultrasound signal were reflected back to the transducer, while the other signal keeps 
propagating in the cortical bone. The last echo received by transducer was from the 
back surface of the bone at 2a . The flight time of signal was determined from the 
peaks of 1a  and 2a .  
 
3.2.4 Analysis of Multiple Echoes Using Wavelet Decomposition Processing 
Method (WDPM) 
In order to develop an automated system for measuring the bone thickness and 
analyzing the multiple echoes, the WDPM was applied. One major advantage of 
wavelet is the ability to perform a specific area analysis. Wavelet analysis provides us 
high frequency information when the short time interval is used and low frequency 
information when long time interval is used. The wavelet transform computes 
coefficients between signal and mother wavelet [62]. The wavelet transform is 
defined as;  

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(3.7) 
 
where is called as the mother wavelet, a represents as scaling factor and b
represents translation (delay). Scaling the wavelet depends on the scale factor value. 
The mother wavelet is stretching when scale factor is high and compressing when 
scale factor is small. 
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In this study, an algorithm with Discrete Wavelet Transform (DWT) was used 
for analyzing the ultrasound signal 
with continuous wavelet transform (CWT) 
and CWT are same. The CWT coefficient is calculated by adjusting the window scale, 
shifting the window and multiplying the original signal. In case of DWT, filters of 
different cutoff frequencies are used to analyze the sign
decomposition processing method was
determine the approximation and detail coefficient information. DWT uses two sets of 
functions, called scaling functions and wavelet functions, which are associated with 
low pass and high pass filters, respective
decomposed into two sub bands, low pass filter 
[65] as shown in Figure 3.2
wavelet basis function.
filter and the coefficients {h[n]} and {g[n]} are given by {
0.48296} and {0.48296, 0.83651, 
 
At this time, the signal has been decomposed with sub
identified as one level of decomposition process, 
be expressed as shown in equation 3.8 and 3.9 
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[63] because it is easy to implement compared 
[61], [62]. However, the structure of DWT 
al at different scales 
 applied to the original signal in order to 
ly. The original signal 
h[n] and high pass filter 
. The filter coefficients have been extracted from the 
 A Daubechies level 2, ‘db2’ mother wavelet was used 
-0.12940, 0.22414, 0.83651, 
-0.22414, -0.12940} respectively.
Figure 3.2 Wavelet decomposition process. 
-sampled by two and 
while the mathematical equation can 
[65], [62]; 
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x[n] is first 
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as a 
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-sampled by two, 
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while n is the number of samples. The procedure can be repeated for further 
decomposition. At each level of decomposition, the filtering result shows half of 
samples number.  
A db2 mother wavelet was used as a filter and decomposition was applied up 
to level 10 as shown in Figure 3.4. DWT is a multi-resolution decomposition scheme 
for input signals. The original signals were decomposed into two parts which are low 
frequency and high frequency areas as shown in Figure 3.4. At level one of the 
decomposition process, the original signal was filtered by low-pass filter and high-
pass filter. At this level, the sample number of filtered signals was half of the original 
signal. This process is called down-sampling. In this study, the Borland C++ builder 
was used for the implementation of WDPM. Once the signal has been decomposed, 
the coefficients for each level were obtained. There are two types of coefficients 
which approximation coefficient, “a” for low-pass filter process and detail coefficient, 
“d” for high-pass filter process. At level one, approximation and detail coefficients 
have been produced. Then, approximation coefficients at level one is used to produce 
approximation and detail coefficients which are “a2” and “d2”. This level is called 
level two. The same process is repeated until level 10 as shown in Figure 3.4. 
 
Figure 3.3 Daubechies 2 wavelet basis function. 
 
As explained before, the approximation and detail coefficients were used to 
analyze the signal. Detail coefficient was focused on the high frequency of the signal 
while approximation coefficient was focused on low signal frequency. The detail 
coefficients were used in order to filter out the noises and to detect the useful multiple 
echoes. Furthermore, the usefulness echoes were appeared in high frequency signal. 
Ten decomposition levels have been chosen in this study because the signal has been 
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exposed to band pass filter for ten times. Then, the patterns of the signal from level 1 
to 10 were used to analyze the signal. 
 
Figure 3.4 Wavelet tree of DWT. 
 
Through the result appeared in the Figure 3.5, we noticed that the noises at 
level 1 and 2 were much appeared on the signal. At level 3, the noise was still 
appearing on the signal, but in small amount. The noises were almost disappeared in 
the signal at level 8 to 10, however a lot of information of the original signal was lost 
especially at the level 9 and 10. 
 
Figure 3.5 Analysis of the echoes using wavelet decomposition method. 
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We noticed that not all levels can provide information of echoes. In order to 
determine the suitable level provides the echoes information, several groups of 
combination among the decomposition levels was created as shown in Table 3.2. 
About 14 possibilities groups of combination decomposition level have been 
determined. All combinations of detail coefficient 1 to 10 have been used. The signal 
processing algorithm, which continuous wavelet transforming (CWT) has been used 
to determine which group gave the highest coefficient value in detecting ultrasound 
echoes. The highest coefficient refers to the highest peak of the echoes. About 20 
regions of interest (ROI) of the cortical bone have been used in this process. Then, the 
highest frequency of the group that provides the highest coefficient value is used for 
further processing. Group 1 gave the highest frequency in determining the highest 
detailed coefficient of all the cortical specimens. Among 20 ROI of cortical specimen, 
Group 1 provides 13 times the highest coefficient, followed by Group 2 and 5.  
 
Table 3.2 CWT Detail Coefficient Analysis for Combination Groups. 
Group Combination of Detail Coefficient 
No. of 
frequency 
1 D3+D4+D5 13 
2 D3+D4+D5+D6 6 
3 D3+D4+D5+D6+D7 0 
4 D3+D4+D5+D6+D7+D8 0 
5 D4+D5+D6 1 
6 D4+D5+D6+D7 0 
7 D4+D5+D6+D7+D8 0 
8 D5+D6+D7 0 
9 D5+D6+D7+D8 0 
10 D6+D7+D8 0 
11 D3+D4+D5+D6+D7+D8+D9 0 
12 D3+D4+D5+D6+D7+D8+D9+D10 0 
13 D2+D3+D4+D5+D6+D7+D8+D9+D10 0 
14 D1+D2+D3+D4+D5+D6+D7+D8+D9+D10 0 
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Once the suitable group has been determined, the next process is peak 
detection of the signal. The peak detection algorithm was developed and used to 
detect the suitable peak of the signal for measuring the flight time of signal travels 
through cortical bone. Then, thickness of the cortical bone is calculated based on the 
obtained time. About 15 ROI's of cortical specimen have been recognized and used in 
this stage. Each cortical thickness measurement was performed for five times in order 
to monitor repeatability of the system. Then, the average value was used for 
comparison process. The actual thickness of the cortical bone was measured using a 
digital caliper and performed for five times. The obtained results through WDPM 
were compared with pulse-echo method, and digital caliper results used as a reference 
for comparing both methods. 
 
3.3 Results 
3.3.1 Results of Multiple Echoes With an Acrylic as a Reflector 
The signal was collected and analyzed. The transducer was placed at 16 mm from the 
front surface of the bone, and the acrylic was placed on the back surface of the bone 
properly and the gap between the bone and acrylic was about 0.5 mm. As explained in 
the previous section, the acrylic was used as a reference to determine the bone echoes. 
The obtained signal is shown in Figure 3.6. There are two groups which representing 
bone and gap echoes on the left side and acrylic echoes appeared on the right side. 
The echoes of the acrylic could be determined. Flight time of signal travels from 
transducer to 4a  and returns back to the transducer, Δt4 was 38.1 us. 
 The experimental results were compared with the approximation results that 
measured before performing the experiment. Based on the equation 3.1, if the 
thickness of the acrylic was 20 mm, the time of flight in the acrylic, Δtp was 14.8 us. 
Then, the echoes of 3a  should be appearing at 23.3 us. The obtained signal is shown 
in Figure 3.6, the echo of 3a  was appeared at 23.4 us which refers to the time of flight 
from transducer to 3a , Δt3. This value was almost same with the calculated value.  
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Figure 3.6 Analysis of the reflected echoes. 
 
The details of the results are shown in Table 3.3. The time of flight in the 
acrylic, Δtp was 14.7 us. Then the thickness of the acrylic was 19.8 mm. We noticed 
that the rest of the echoes appeared on the left side of the signal were bone and gap 
echoes. Back to the early stage of echoes generating process, the ultrasound signal 
propagates through the water and the first echo was appeared on the front surface of 
bone, 1a . The amplitude of the echo was higher than other echoes because the energy 
of the signal was strong and the echo was less attenuated. The period of round-trip 
flight from transducer to 1a , Δt1 was at 22.1 us. 
The second echo was appeared on the back surface of the bone, 2a  at 22.6 us 
(Δt2), while time of flight in the cortical bone, Δtb was 0.5 us. The thickness of the 
cortical bone was 0.95 mm. The time of flight, Δt3 refers to the front surface of the 
acrylic, 3a and Δt2 refers to the back surface of the cortical bone, 2a . The both times 
of flight were used to determine the time of flight in the gap, Δtg and the flight time 
was 0.8 us. Therefore, the gap was 0.6 mm which is almost same with manual 
measurement value using the digital caliper. Based on the results in Table 3.3, the 
echoes were clearly determined using an acrylic as a reference echoes. 
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Table 3.3 Parameters result of reflection echoes analysis. 
 Before experiment After experiment 
Materials Time of 
flight 
(t, us) 
Thickness/ 
distance using 
caliper 
(d, mm) 
Time of 
flight 
(t, us) 
Thickness/ 
distance using an 
equation 
(d, mm) 
Cortical 
bone 
0.47 0.90 0.50 0.95 
Gap (Water) 0.67 0.50 0.80 0.60 
Acrylic 14.80 20.00 14.70 19.80 
 
3.3.2 Results of Multiple Echoes Without an Acrylic 
In a real situation, the reflector could not be used during performing the surgical 
process. Based on the Figure 3.6, the back acrylic echo was appeared in the second 
box on the right side. Then, the multiple echoes of the bone were appearing in the first 
box at left side. We noticed that, the echoes of the cortical bone could be seen through 
this figure. In order to perform this experiment, the transducer was attached at the 
different distance from the cortical bone specimens. One specimen was used, however, 
measurements were taken at different distances. For example, in this case the 
transducer was placed about 18 mm from the bone specimen. Figure 3.7 shows the 
results of the multiple echoes without using the reflector. The first echo was appeared 
at 24.11 us which referred to the front surface of cortical bone echo, Δt1. The second 
echo was appeared at 24.58 us. Based on equation 3.3, the time of flight in the cortical 
bone, Δtb was measured using equation 3.10. 
12 tttb   (3.10) 
 
Based on this result, the value of bone thickness is easily identified using the equation 
(1). The ultrasound speed in cortical bone was 3883 m/s. The thickness of the bone 
was 0.91 mm while the actual bone thickness was 1.05 mm measured by digital 
vernier caliper. The detail of the result was shown in Table 3.4. The comparison of the 
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experimental result has been done by using the digital vernier caliper device. The 
average error of experimental result was 0.05 mm.  
 
Figure 3.7 An Analysis of the echo without using a reflector. 
 
Then, the average value of specimen thickness was 1.05 mm used for all the 
measurement data. As shown in Table 3.4, the highest error was 13.33% in the case of 
the position 1. The lowest error in this study was 0.95% (0.01 mm). The average error 
of measurement was 4.67%, (0.05 mm) with the standard deviation was 0.04 mm. 
Table 3.4 Analysis and comparison of the results. 
Position 1st echo 
time, t1 
(us) 
2nd 
echotime, 
t2  (us) 
Thickness 
byPulse-echo 
mode (mm) 
Thickness by 
vernier 
caliper (mm) 
Error 
(mm) 
Error 
(%) 
1 24.11 24.58 0.91 1.05 0.14 13.33 
2 22.21 22.73 1.01 1.05 0.04 3.81 
3 23.76 24.34 1.10 1.05 0.05 4.76 
4 22.31 22.91 1.14 1.05 0.09 8.57 
5 22.63 23.17 1.03 1.05 0.02 1.90 
6 25.36 25.88 0.98 1.05 0.07 6.67 
7 24.04 24.59 1.06 1.05 0.01 0.95 
8 22.14 22.70 1.06 1.05 0.01 0.95 
9 22.27 22.84 1.08 1.05 0.03 2.86 
10 22.12 22.69 1.08 1.05 0.03 2.86 
Average (mm) 0.05 4.67 
Standard deviation, STD (mm) 0.04 3.90 
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3.3.3 Results of Multiple Echoes Using Wavelet Decomposition Processing 
Method (WDPM) 
As explained in the section 3.3.4, the Group 1 has been chosen as an ultrasound signal 
processing technique. The original signal is shown in Figure 3.8. Then, Figure 3.9 
shows the result after applying new WDPM which is the combination of 
decomposition levels 3 to 5. As shown in Figure 3.9, the amplitude of the signal is 
higher than the original signal. Besides that, the noises appeared in the decomposed 
signal has been reduced. Usually, the received echo is appeared in small amplitude 
due to the surface of the specimen is rough or not flat. However, WDPM provides 
echo signal with amplitude values larger than the original signal.  
 
Figure 3.8 Original signal with low amplitude of back bone echo. 
 
 Peak detection algorithm has been developed and applied to WDPM results in 
order to calculate the cortical thickness automatically. The first peak was determined 
by measuring the highest peak from the starting point. The second peak was 
determined by examining the peak after 1.5 us from the first peak. The delay time of 
1.5 us was referred to the minimum thickness of bone used in this study. The echoes 
were ignored when the echoes appears in the range of 1.5 us from the first peak. The 
peak detection result shows all the possible peaks in the signal could be detected. 
Then, the time of flight from the 1st peak to the 2nd peak is measured. Thickness of 
specimen is calculated based on the measured time of flight. Each specimen has been 
measured for five times and the average value was used for comparison process. The 
average of Cortical 1 thickness was 4.036 mm measured using WDPM. Same position 
was measured using pulse-echo method and the result was 3.892 mm. The actual 
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thickness of the cortical bone was 4.095 mm measured by digital vernier caliper. The 
comparison was performed among two measurement methods. The difference 
between WDPM and actual thickness was 0.059 mm (1.441%), while the difference 
between pulse-echo method with the actual thickness was 0.203 mm (4.957%). The 
detail of the result is shown in
Figure 3.9 Signal with high amplitude of back bone echo after applying WDPM.
 
 Based on Table 3.5, the h
compared with Pulse-echo method was 13.051%. The lowest error for WDPM was 
0.020 mm (0.576%), while the
Pulse-echo method was 0.044 mm (1.188%). The average er
mm (4.104%) with standard deviation was 0.102 mm
echo method was 0.221 mm (6.024%) with standard deviation was 0.124 mm. The 
measurement of cortical bone thickness by applying Pulse
accurate compared WDPM due to noises appearing on the signal.
Figure 3.10 Correlation between digital caliper results with WDPM and Pulse
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Table 3.5 Analysis and comparison of bone thickness measuring method. 
 WDPM Pulse-echo 
method 
Vernier 
caliper 
WDPM Pulse-echo 
method 
Specimen 
name 
Thickness 
Measurement 
(mm) 
Thickness 
Measurement 
(mm) 
Thickness 
Measurement 
(mm) 
Error 
(mm) 
Error(
%) 
Error 
(mm) 
Error 
(%) 
Cortical 1 4.036 3.892 4.095 0.059 1.441 0.203 4.957 
Cortical 2 4.324 4.324 4.446 0.122 2.744 0.122 2.744 
Cortical 3 5.473 5.405 5.850 0.377 6.444 0.445 7.607 
Cortical 4 3.459 3.892 3.480 0.021 0.603 0.412 11.839 
Cortical 5 3.748 3.748 3.704 0.044 1.188 0.044 1.188 
Cortical 6 4.613 4.613 4.792 0.179 3.735 0.179 3.735 
Cortical 7 2.883 2.810 2.630 0.253 9.620 0.180 6.844 
Cortical 8 3.450 3.387 3.470 0.020 0.576 0.083 2.392 
Cortical 9 4.036 3.820 3.960 0.076 1.919 0.140 3.535 
Cortical 10 3.401 3.387 3.172 0.229 7.219 0.215 6.778 
Cortical 11 3.748 3.748 3.490 0.258 7.393 0.258 7.393 
Cortical 12 2.883 3.387 2.996 0.113 3.772 0.391 13.051 
Cortical 13 3.286 3.676 3.492 0.206 5.899 0.184 5.269 
Cortical 14 3.517 3.675 3.334 0.183 5.489 0.341 10.228 
Cortical 15 4.209 4.180 4.066 0.143 3.517 0.114 2.804 
Average, 
mm 
3.804 3.863 3.798 0.152 4.104 0.221 6.024 
Standard 
Deviation 
(STD) 
0.678 0.606 0.794 0.102 2.791 0.124 3.559 
 
 Figure 3.10 presents the statistical analysis result by measuring the correlation 
between the digital caliper results with WDPM and Pulse-echo method. The 
horizontal axis represents the thickness measured by the digital caliper, while the 
vertical axis represents the thickness measured by WDPM and Pulse-echo method. It 
shows that WDPM is more correlated with the digital caliper results, so that the 
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correlation coefficient was 0.9797 compared Pulse-echo method was 0.9711. A T-test 
is useful in this study in order to determine the capability and accuracy of developed 
measurement system. The comparison of both methods that provide better accuracy of 
thickness measurement has been performed. The result shows that the P-value was 
0.110. There are no significant differences between the average error of thickness 
measurement measured using WDPM and Pulse-echo method. It shows that both 
methods are capable to determine the bone echoes. 
 
3.4 Discussion 
There are three experiments were performed in analyzing the multiple echoes. The 
experiment was done using an acrylic as a reference echoes was provided a positive 
result in order to determine the bone echoes. We noticed that the echoes appeared on 
the left side of the signal were representing the bone and gap echoes. While on the 
right side was acrylic echoes. The amplitude of the bone echo was higher than other 
echoes due to higher percentage echoes that received by the transducer. The second 
experiment was performed without using an acrylic due to the reflector could not be 
used during performing the surgical procedure. The transducer was placed at several 
different distances from the cortical bone specimens in order to determine the 
reliability of the measurement system. As shown in the Table 3.4, the bone thickness 
was measured without using the reflector has provided a small percentage error value 
of 4.67%. The obtained results showed that the bone echoes and the flight time of 
signal travels through the cortical bone could be determined. The thickness of cortical 
bone was measured and compared with the digital vernier caliper. However, the 
obtained signals have affected the measurement data, which the thickness of bone was 
measured based on the flight time of signal travels inside the bone. The flight time 
was measured based on the peak of echoes appeared. When the appeared echoes 
containing the noises, the actual peak of echoes is difficult to determine.  
 Through the result appeared in the Figure 3.5, we noticed that the noises at 
level 1 and 2 were much appeared on the signal with a sampling frequency was 125 
MHz and 62.5 MHz, respectively. At level 3, the noise was still appearing on the 
signal in small amount. In order to overcome this problem, the new wavelet 
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decomposition processing method (WDPM) has been proposed and used in ultrasound 
signal processing. The amplitude of the received signal was higher than before and the 
noises have been filtered out through the filtering process. The accuracy of flight time 
measurement has been improved by using a peak detection algorithm that 
implemented in ultrasound signal processing. The highest peak of both echoes of bone 
surfaces has been detected and the bone thickness measurement have been 
successfully done. The comparison between WDPM methods and pulse-echo method 
has been performed. The statistical result shows that there was not significant 
differences between the average error of thickness measurement measured using 
WDPM and Pulse-echo method. However, the accuracy of the obtained results 
through WDPM was higher than pulse-echo method. 
 
3.5 Conclusion 
The analysis of the ultrasound waves and developed algorithm were capable to 
determine the useful echoes and measure the cortical bone thickness. Then, the 
automated system of bone thickness measurement was developed using a proposed 
signal processing technique, which is new wavelet decomposition processing method 
(WDPM) and a peak detection algorithm. Comparison between WDPM and Pulse-
echo method with the digital caliper result has been performed. A result of WDPM in 
Table 3.5 shows that the average error was 0.152 mm (4.104%), while Pulse-echo 
method shows that the average error was 0.124 mm (3.559%). The correlation 
coefficient among two methods shows the WDPM gave higher values of 0.9797 and 
this means it was more correlated than Pulse-echo method. However, T-test result 
shows no significant difference between the average error of thickness measurement 
using WDPM and Pulse-echo method. As a conclusion, a proposed WDPM was 
capable to use as a signal processing technique to detect multiple echoes and it was 
able to measure the cortical bone thickness. Furthermore, the ability of the proposed 
method is good and better than Pulse-echo method.  
Chapter 4 Determination of the Maximum Cancellous Bone Thickness in Pedicle Screw Insertion 
Process: An Ultrasound Study 
48 
 
Chapter 4 
Determination of the Maximum Cancellous 
Bone Thickness in Pedicle Screw Insertion 
Process: An Ultrasound Study 
4.1 Introduction 
In the pedicle screw insertion process, the measured thickness of the cancellous and 
cortical bones is important to realizing greater accuracy for the pedicle screw insertion 
and avoiding injury. Injury normally occurs when a screw passes through the cortical 
bone. Selecting the wrong screw length can also cause injury. Before an operation, a 
computed tomography (CT) scan is used in the scanning process to determine 
information related to the pedicle screw size and spine [66]. The data obtained by the 
CT scan are used as a reference by the doctor to perform the spine surgery. However, 
the screw size and length used in the actual surgery is less than the actual measured 
size because an injury can occur if the doctor drills the screw through the cortical 
bone. 
 The medical doctor needs to identify the correct position for the drilling area 
before performing the surgery. The screw is then drilled through the cortex area from 
the front surface until it reaches the cancellous bone area. The medical doctor then 
uses a fluoroscopy machine to monitor the direction of the screw. However, the 
fluoroscopy machine provides 2D data, which are not suitable for determining the 
angle of the bone. In addition, the patient is exposed to radiation produced by the 
machine, which can be harmful to the body [67], [68]. Experienced medical doctors 
use their expertise to handle the screw while being assisted by the pedicle probe. 
When the screw is placed safely in the cancellous area, the doctor uses a CT scan to 
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determine the screw position. Normally, there is a gap between the cancellous and 
cortical borders because the actual screw size is not used. Figure 4.1 shows the several 
types of successful placement of pedicle screw. 
 
 
Figure 4.1 Examples of successful pedicle screw insertion. 
 
 Usually, pedicle screws are inserted through the pedicle without damaging the 
pedicle wall and placed in the cancellous bone area. Although these types are 
considered successes, the screw placement is not strong. Normally, the strength of the 
screw grip is related to the screw pullout strength. Some researchers have studied the 
error or injury that can occur when the screw holding the cancellous bone has a low 
pullout strength [69–71]. A common failure is the screw loosening from the vertebrae 
[69], [71]. Chapman et al. determined the factors that affect the pullout strength of a 
cancellous bone screw. They focused on how the structure of the screw, such as the 
screw thread geometry, and tapping affect the holding power of screws in cancellous 
bone [70]. Their results showed that the pullout strength is correlated to the diameter 
of the screw, the length of engagement of the thread, and the shear strength of the 
material into which the screw is embedded. Chapman et al. formula has been used by 
many researchers because of the strong correlation between the expected parameters 
and measured pullout strength [71–73]. However, their formula is focused on 
cancellous or cortical screw. Because pedicle screws for the spine have a variety of 
screw designs, such as the screw diameter and thread design, Tsai et al. determined 
the pullout strength of a pedicle screw within the synthetic bone. Their results showed 
that the pullout strength of the pedicle screw depends on the screw design [71]. 
 Many researchers have focused on the structure of the screw as the cause of 
loose screws and low pullout strength. However, the bone structure itself plays a 
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crucial role in the bone strength. For example, a low bone density will result in a 
lower pullout strength and cause the screw to easily become loose. Theoretically, the 
pullout strength of the screw is lower in cancellous bone than in cortical bone [74–78]. 
Hence, if a medical doctor can pass the pedicle screw through the cancellous bone to 
the surface of the cortex, the pullout strength of the screw will be better because of the 
greater bone density in cortical bone. However, the drilling of the pilot hole can be 
dangerous if a misstep occurs, such as the drilling process passing through the cortical 
bone. Therefore, a system that can determine the drilling step or distance between the 
remaining holes and boundary of the cortical bone should be developed to solve the 
problem. 
 CT scans and fluoroscopy machines are commonly used to measure the screw 
position; they are expensive, and the user is exposed to radiation produced by the 
machine. To overcome this problem, an ultrasound system was used in the present 
study to measure the screw position while determining the distance between the 
cancellous and cortical surfaces. Ultrasound has long been used in medical 
applications by researchers [38], [43], [49]. Padilla et al. studied the relationship 
between ultrasound parameters and the trabecular bone structure [79]. Other 
researchers did the same for different types of bone structures [80–84]. Hakim et al. 
applied an ultrasound sensor to measure the bone thickness. They applied the pulse 
echo method to determine the cortical thickness of the skull [34]. Other researchers 
have also studied the cortical bone thickness [85], [86]. Guglielmi et al. used 101 
subjects and determined the cortical thickness of phalanges [86]. However, there have 
been few reports on measurement of the cancellous bone thickness. Most researchers 
have performed experiments regarding the propagation of ultrasound in cancellous 
bone [87–89]. 
 The purpose of this study was to determine the existence of cancellous-cortical 
boundary echoes and measure the cancellous thickness. The maximum distance 
between the cancellous bone and cancellous-cortical boundary surface is important 
information for the medical doctor to avoid drilling the screw past the cortical bone. 
In order to determine the maximum thickness of the cancellous bone, several levels of 
pilot hole were drilled with different depths. Then, the ultrasound transducer was 
inserted into the pilot hole to determine the echoes at the boundary between the 
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cancellous and cortical bones. The levels that provided boundary echoes were 
recorded and used to measure the cancellous thickness. The hypothesis was that the 
reflected ultrasound signal can more easily be received by a receiver in thinner bone 
than in thicker bone. However, the maximum thickness of the cancellous bone was 
needed. 
 
4.2 Methodology 
4.2.1 Signal Acquisition 
The ultrasound signal was generated by a pulse generator (New Sensor, Inc.) that is 
provided by the university. The voltage was set to 400 V. The diameter of the 
transducer was 10 mm, and the center frequency was 2.5 MHz. An oscilloscope 
(PicoScope3205A, Pico Technology) was used to display and analyze the pulse echo 
through the PicoScope software, which was installed in a personal computer (PC). 
The flight time of a signal traveling in the material could be determined based on the 
pulse echo that appeared in the PicoScope software. The thickness of the material was 
calculated according to the flight time provided by PicoScope. The equations 3.1 and 
3.2 as explained before were used to calculate the material thickness. 
 
4.2.2 Ultrasound Speed Measuring Method 
The speed of sound in the material needed to be identified before the experiment 
could be performed. There are two conventional methods for determining the speed of 
sound in a material, which is through-mode and pulse-echo mode. In this study, the 
speed of sound was found to be 1480, 1500, and 3014 m/s in water, cancellous bone, 
and cortical bone, respectively. All of these values are acceptable and within the range 
of previous studies [37], [90]. 
 
4.2.2.1 Through Mode Method 
The signal that is transmitted by transducer 1 (transmitter) propagates through the 
material and received by transducer 2 (receiver), while producing the echoes as shown 
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in Figure 4.2. The flight time of echoes travels along the material is determined, then 
the ultrasound speed in material
is measured manually using a precise digital caliper and flight time of echoes through 
material is used to calculate the material 
and 4.2 used to calculate the ultrasound speed
Figure 4.2 Conventional method to determine the ultrasound speed.
 
where, d is distance and v is the 
time. The flight time of echoes can be determined if both echoes appear. It is 
applicable in the case of thicker
zone. Figure 4.3 indicates that the 
PicoScope software. Due to this information, the echoes appears below than 8.
could not be determined. Although the second repetition echoes appear at 
period, the accurate flight time is determined based on two peaks of echoes.
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 could be calculated. However, a thickness of material 
ultrasound speed. Hence, the equation 
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materials ultrasound speed and t represents the flight 
 material and the echoes will not appear 
dead zone starts from 0 to 8.16 us using 
 
4.3 Dead zone of signal. 
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 The measurement of flight time could not be performed when there are no 
echoes. The gap between the surface of the ultrasound transducer and the surface of 
the material is available to resolve this issue. In this study, the hollow plastic cylinder 
was used as a gap and it was shown in Figure 4.4. 
 
 
A. Original transducer 
 
B. Modified transducer 
Figure 4.4 Original and modified ultrasound transducer. 
 
 The diameter size of the outer cylinder was 10.74 mm which almost same with 
the sensor size. Meanwhile, the diameter of inner side was 7.36 mm and the length of 
cylinder was 24.42 mm. Tape has been used to ensure that both sides attached to each 
other. Hollow cylinder is chosen to ensure the ultrasound signal can propagates 
directly to the surface of the material without producing the reflection echoes of 
cylinder. If non-hollow cylinder is used, the signal produced by the transducer will 
propagate through the cylinder and the signal is reflected on the back surface of 
cylinder and echoes is produced. Some signal keeps propagating to other material and 
producing the echoes on the material surface. Although the material surface would 
produce the echoes, but the amplitude of the echoes is low. In the case of hollow 
cylinder, the signal directly propagates through water and meets the surface of 
material and the amplitude produced is high. This is the reason why the hollow 
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cylinder is selected. Then, the both transducers attached directly to the material as 
shown in Figure 4.5 and the flight time of both echoes is determined. The other factor 
that influence the amplitude of echoes is the position of the transducer and material 
surface. The large amplitude is obtained by placing the transducer perpendicular to 
the material surface. An experiment to determine the reference echo period and 
amplitude is performed in order to get the accurate flight time period. Then, the other 
echo is recognized and used for measuring the flight time for both echoes. Several 
different materials were used for determining the speed of ultrasound in material, and 
also to examine the capability of the proposed system. There are acrylic with different 
thicknesses, cortical bone with different thicknesses, cancellous bone with different 
thicknesses and water. The data were collected for five times for each material and 
size. 
 
 
Figure 4.5 Modified ultrasound transducer to determine the flight time of echoes. 
 
4.2.2.2 Pulse Echo Mode Method 
Pulse echo mode is a common technique that requires an ultrasound transducer in 
determining the material ultrasound speed and it was shown in Figure 4.6. The 
modified version of ultrasound transducer was used due to difficulties as explained 
before. Theoretically, the signal that produced by transducer 1 propagates through 
water and the specimen and the first echo appeared is refers to the specimen surface. 
The signal keeps propagating through the material and the signal is reflected on the 
other surface of the specimen and returns back to the transducer, while producing 
another echoes. The obtained echoes are used in determining the flight time of signal 
travels in the specimen. The thickness of material is measured using a digital caliper; 
the equation 3.1 and 3.2 are applied in order to calculate the material ultrasound speed. 
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Figure 4.6 Measuring the flight time of echoes using Pulse
 
4.2.3 Experimental Design and Specimen Preparation
The specimen was prepared as shown in
was set to 10.50 mm. The cortical thickness was measured by the digital caliper to be 
2.07 mm. The cancellous thickness was 4.75 mm, and the other side of t
bone was 2.76 mm. Five regions of interest (ROIs) of a bovine were used in this study. 
The soft tissues of the bone were removed in order to get a clean surface. The pilot 
holes were drilled at the centers of the ROIs, and all ROIs were drilled
diameter. Then, the specimen was drilled several times according to a predetermined 
depth level. The actual thicknesses of the cancellous bone were determined by using a 
digital caliper, and these values were used to evaluate the 
thickness as determined 
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-echo method
 
 Figure 4.7. The diameter of the drilling hole 
maximum
by the pulse-echo method. 
Figure 4.7 Measurement of the specimen. 
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 The experiment was conducted at an ambient temperature of 26.8 °C, and the 
specimen was submerged in water at a temperature of 25.6 °C. The ultrasound 
transducer was inserted into the pilot hole, and the distance between the cancellous 
bone and the surface of the cortical bone was determined. This experiment was 
performed on all ROIs of the cancellous bone. The data were measured five times for 
each ROI. Then, the maximum thickness was determined based on the obtained 
results. 
 
4.2.4 Determination of the Maximum Cancellous Bone Thickness 
The distance between the cancellous and cortical bones was measured after the 
drilling process was performed on the first side of the cortical bone. This distance was 
recognized as cancellous thickness. An ultrasound transducer was used, and the pulse-
echo method was applied to determine the reflected echoes of the bone. The thickness 
of the cortical bone was easy to determine because of its compactness; the amplitude 
of the echoes that appeared on both surfaces of the cortical bone were large. The pilot 
hole was drilled to the surface of the cancellous bone and then to several cancellous 
thicknesses that were previously determined: 4, 3, 2, 1, and 0 mm. These values were 
predetermined because they may change due to the manual drilling process during the 
experiment. The final measurement determined the thickness of the other side of the 
cortical bone. The flight time of the signal traveling in cancellous bone was measured 
five times with the pulse-echo method, and the bone thickness was then calculated. 
The same process was performed at each pilot hole level. 
 
4.2.5 Statistical Analysis 
A statistical analysis was performed in order to examine the relationship between the 
two measurement methods: the pulse-echo method and manual digital caliper. 
Student’s t-test was used to examine if the results of the two measurement methods 
significantly differed from one another. The value of P was defined as 0.05. Two 
samples were used to measure the cancellous thickness with the ultrasound system 
and digital caliper with unequal variance. Linear regression analysis was performed to 
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compare the measurements of the pulse-echo method and manual digital caliper. 
Correlation analysis was conducted in order to determine the correlation coefficient 
between the two measurement methods. 
 
4.3 Results 
The measured drilling depth was different before and after the experiment. When the 
cancellous thickness was 4 mm, the drilling result was 4.72 mm for a difference of 
0.72 mm. The pulse-echo method was applied to determine where the echoes 
appeared. For the 4.72 mm cancellous thickness, only an echo that represented the 
surface of the cancellous bone appeared. Echoes that represented the cancellous-
cortical boundary did not appear in this step. Figure 4.8 shows the echoes for this step. 
 
Figure 4.8 Echoes that appeared after a pilot hole was drilled to a depth of 2.10 mm. 
 
 As shown in Figure 4.8, the first echo appeared at 32.33 µs; this represents the 
surface of the cancellous bone. The box shows the area that the second echo should 
have appeared in. The same procedure was performed for the other cancellous 
thicknesses. Table 4.1 presents the results in detail. In the table, “NA” indicates that 
the data were not available. Although measurements were performed five times, the 
same results were obtained. When the pilot hole was drilled to 3.17 mm, and the 
thickness of the cancellous bone was 3.65 mm, the system was able to detect both 
echoes. Then, the flight time was measured from position 1st to 2nd position as shown 
in Figure 4.9, and the average thickness of the cancellous bone was 3.61 mm 
according to the ultrasound system, and the standard deviation was 0.18 mm. 
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However, the amplitude of the second echo was small at 0.11 V. For the pilot hole 
depth of 4.66 mm and cancellous thickness of 2.16 mm, both echoes were identified 
by the ultrasound system. The system measured a thickness of 2.30 mm with a 
standard deviation of 0.13 mm. Figure 4.9 shows the echoes of the signal after a pilot 
hole was drilled to a depth of 4.66 mm. The same situation happened when the pilot 
hole was drilled to a depth of 5.63 mm as shown in Figure 4.10. 
 
Figure 4.9 Echoes that appeared after a pilot hole was drilled to a depth of 4.66 mm. 
 
 When the pilot hole was drilled to a depth of 6.60 mm for a cancellous 
thickness of 0.22 mm, the cancellous bone almost disappeared, and the cortical bone 
surface could be observed. Second and third echoes were detected by the ultrasound 
system that represented the cancellous-cortical boundary and the other side of cortical 
bone. The ultrasound system measured the cancellous thickness to be 0.47 mm with a 
standard deviation of 0.05 mm. The thickness of the cortical bone was measured to be 
2.55 mm by the system. In comparison, the actual thickness measured by the digital 
caliper was 2.76 mm. Figure 4.11 shows the obtained data for both measurement 
methods. 
 
Figure 4.10 Echoes that appeared after a pilot hole was drilled to a depth of 5.63 mm. 
-5
-3
-1
1
3
5
0 10 20 30 40 50
A
m
p
li
tu
d
e,
 V
Time, us
-6
-4
-2
0
2
4
6
0 10 20 30 40 50
A
m
p
li
tu
d
e,
 V
Time, us
   Expected Echoes 
    Expected Echoes 
1st   2nd 
1st   2nd 
Chapter 4 Determination of the Maximum Cancellous Bone Thickness in Pedicle Screw Insertion Process: An Ultrasound Study 
59 
 
Table 4.1 Measured thickness of cancellous bone. 
No. 
Actual 
Depth, 
(mm) 
Thickness of 
Cancellous 
Bone, (mm) 
1st Echo 
Detection 
1st Amplitude (V) 
2nd Echo 
Detection 
2nd Amplitude, 
(V) 
Measured 
Thickness, 
(mm) 
STD, 
(mm) 
Error 
(mm) 
1 2.10 4.72 Yes 4.70 No NA NA NA NA 
2 3.17 3.65 Yes 4.41 Yes 0.11 3.61 0.18 0.04 
3 4.66 2.16 Yes 4.30 Yes 0.85 2.30 0.13 0.14 
4 5.63 1.19 Yes 4.52 Yes 1.05 1.09 0.15 0.10 
5 6.60 0.22 Yes 4.81 Yes 0.42 0.47 0.05 0.25 
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 The statistical analysis was performed to determine the correlation coefficient 
between the pulse-echo measurement method and the manual digital caliper. The 
correlation coefficient was 0.98, which indicates a good correlation. Figure 4.12 
shows the correlation analysis between the two measurement methods. The t-test was 
carried out, and no significant difference (P = 0.93) was found between the pulse-echo 
and digital caliper measurement methods. 
 
Figure 4.11 Data obtained with both measurement systems. 
 
 
Figure 4.12 Correlation analysis between measurement methods. 
 
4.4 Discussion 
The depth of the pilot hole was determined before the experiment was performed. 
However, the actual depth differed from the predetermined value. This is because the 
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required step size of the drilling hole was 1 mm, which was too small. Getting a step 
size of exactly 1 mm was difficult, which is why there were errors in the drilling 
depth. Although the predetermined and actual measured drilling depths of the pilot 
holes were different, these values did not affect the calculation of the cancellous 
thickness. This is because the thickness was calculated based on the flight time of the 
signal traveling inside the material. The flight time would be longer in a thicker 
material than in a thinner material. 
 The other factor that affects the calculation of the thickness is the speed of 
sound in the material. In this study, a conventional method was used to manually 
measure the thickness of the material by using a digital caliper and placing two 
transducers in the opposite directions, as explained before. The ultrasound speed was 
determined based on the measured thickness and the flight time of the signal as 
obtained with the PicoScope. However, this method is suitable for case studies or 
experiments. In real applications, especially the pedicle screw insertion process, this 
method cannot be applied to measuring the bone thickness because of the unavailable 
space in the spine. In order to overcome this problem, a suitable technique of using an 
ultrasound transducer to determine the flight time of a signal traveling through the 
cancellous and cortical bones is needed. However, this work focused on the 
experimental study. 
 The cancellous thickness was measured for different sizes. However, the 
system was not able to determine the thickness of the cancellous bone for a measured 
thickness of 4.72 mm because the reflected echoes of the cortical bone surface did not 
appear. The main factor for the missing echoes was that the signal produced by the 
transducer propagated through the cancellous bone and could not return to the 
transducer. The signal reached the surface of the cortical bone; some of the signal was 
attenuated, and some kept propagating inside the cortical bone. Because of the thicker 
cancellous bone, the signal found it difficult to return to the transducer. Therefore, the 
second echo could not be seen in the signal. The porousness of the cancellous bone 
was another factor that influenced the reflected echoes [91], [92]. Hosokawa et al. 
studied the measurement of cancelllous bone thickness by using two transducers [16]. 
By applying two sensors in opposite positions, the transmitted signal will pass 
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through the material and be received by a receiver. However, no researchers have 
performed an experiment on determining the maximum thickness of the cancellous 
bone by using only one ultrasound transducer. 
 The amplitude of the first echo was more than 4 V for both cases. This 
indicates that the transmitted signal traveled through the water and reached the surface 
of the cancellous bone directly before returning to the transducer without any 
disturbance. For a drilling depth of 3.17 mm and cancellous bone thickness of 3.65 
mm, the echoes of the cancellous-cortical boundary could be determined with a small 
amplitude of 0.11 V because of the small amount of energy of the reflected signal that 
could pass through the cancellous bone. For a drilling depth of 4.66 mm, the thickness 
of the cancellous bone was measured to be 2.16 mm with a digital caliper. The first 
echo appeared with almost the same amplitude at 4.30 V, and the second echo 
representing the surface of the cortical bone was identified with an amplitude of 0.85 
V. The second echo was determined because of the lower thickness of the cancellous 
bone. Although the pore structure still disturbed the echo, some signal was still 
received by the transducer. Hence, the second echo was smaller in amplitude than the 
first echo. The error of the thickness measured by the system was 0.14 mm. The 
standard deviation was 0.13 mm, which is reasonable because the value was less than 
1 mm. 
 For a cancellous bone thickness of 1.19 mm, both echoes appeared and were 
clearly observed in the signal. The thickness measured by the system was 1.09 mm, 
and the standard deviation was 0.15 mm. The error for both measurement methods 
was 0.10 mm. The pilot hole was drilled to a depth of 6.60 mm, which was almost the 
same as the actual bone thickness of 6.82 mm. However, there was only a thin surface 
layer of cancellous bone, and the surface of the cortical bone could be observed. 
Because of these conditions, the system provided three echoes that represented the 
cancellous-cortical boundary and the back surface of the cortical bone. The thickness 
of the cortical bone measured by the system was 2.55 mm, while the actual thickness 
measured by the digital caliper was 2.76 mm for an error of 0.21 mm. 
 The results showed that the maximum cancellous thickness was approximately 
3.61 mm. This could be measured by the system using the pulse-echo method and is 
very important information for medical doctors. The advantage of using an ultrasound 
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transducer during a surgical operation is the sensor will not cause side effects for the 
patient such as injury or radiation exposure. Moreover, the cost of the system is much 
cheaper than that of a fluoroscopy machine. During the pedicle screw insertion 
process, the medical doctor refers to the system for the current cancellous thickness 
value and uses the data to drill the pilot hole to the maximum depth. The measurement 
error was less than 1 mm, which is acceptable because the actual thickness is around 
1–2 mm for vertebrae and 7–8 mm for the tibia. This indicates that medical doctors 
can drill to the boundary of the cortical bone, and the drilling tip will not pass through 
the cortex. Thus, injury can be avoided. The pullout strength of the screw will be 
improved because of the screw thread embedded on the surface or inside the cortical 
bone. This idea is supported by Zhang et al., who performed an experiment to 
determine the pullout strength of a screw in the human spine. Their results showed 
that the pullout strength is affected by the bone material. The screw showed a greater 
fixation strength when in the cortical bone than in the non-cortical bone [93]. 
 
4.5 Conclusion 
This study showed that the maximum thickness for drilling cancellous bone can be 
determined through the pulse-echo ultrasound method. The obtained data could help 
medical doctors determine the depth to which the hole should be drilled. The strength 
of the screw grip can be improved if the doctor can place the screw up to the surface 
or inside the cortical bone; this will also improve the pullout strength. 
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Chapter 5 
Improving Pullout Strength of Bone Screw by 
Monitoring the Cancellous-Cortical Boundary 
Using an Ultrasound System 
5.1 Introduction 
Bone screw is commonly used in the fixation of injury bone. However the success 
rate of bone screw placement depends on the choice of the screw and bone properties. 
Selection of the correct screw will give a good result of screw placement. However, 
not all situations provide the same result, because the bone properties are the 
important factor that influence the screw placement result. The holding power of the 
screw on the bone depends on bone density and the depth of screw placement. 
Theoretically, cortical bone has higher bone density compared with cancellous bone 
and the pullout strength of the screw will be better if the screw is placed on the 
cancellous-cortical boundary or inside the cortical area. Osteoporosis is a common 
disease that is faced by the people due to decreasing of bone mineral density. This 
will lead to fracture bones, especially the spine area. Human bones begin to lose bone 
density at age 35 years old. Especially women lose bone density rapidly at the 
beginning of the first year menopause. Although losing bone density is normal to 
people, however, it would lead to osteoporosis and increased the risk for bone fracture. 
 Bone screws are used for fixation of bone injury or fracture [17], [94], [95]. 
There are many types of screws with different sizes that used in different situation of 
injury. In vertebrae body, the fifth lumbar is the lowest bone, L5 that has a bigger 
pedicle size than other bones. Therefore, the appropriate size of screws is needed to 
fix the injury. The holding power of the screws depends on their designed. Usually, 
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the bone screws were designed with depth threads in order to increase the holding 
power [96], [71]. Medical doctors usually used a large screw with depth threads for 
fixing the osteoporotic spine due to decreasing material properties [18]. Mummaneni 
et al. proposed new technique that using two parallel threaded of pedicle screw with 
different height in elderly vertebrae and determined the pullout strength of pedicle 
screw [97]. 
 In bone study, Chapman et al. determined the factors that affecting the pullout 
strength of bone screw. They focused on the design of the screw by determining the 
screw thread geometry, tapping and cannulation affect the holding power of screw 
[70]. The same study was conducted by Tsai et al. which using different thread design 
of screws to determine the pullout strength on synthetic bone [98]. Patel et al. were 
performed the study of measurement of bone screw pullout strength on PU foam with 
different density. The PU foam was used in order to replace the cancellous bone. The 
axial and angled screw pullout with ranging from 0 to 40 degree were performed and 
the results show that the strength of pullout was depending on the density of the 
material [99]. Seller et al. compared pullout strength of seven types of screws used in 
calf vertebrae bodies. They found that the diameter of the screw, length of screw and 
BMD are important factors that influence the pullout strength [100]. 
 Although there are many techniques to determine the pullout strength, but the 
process to monitor the insertion of screw to the levels that we determined to have high 
pullout strength is less report. Commonly the surgeons used the CT scan machine to 
determine the position of the screw, which is performed after surgical process. There 
is possibility to create an error in placing the screw through the cortical area which the 
position that has high pullout strength. The previous researchers claimed that the 
insertion of pedicle screw into 80% of the vertebrae body is enough to get a better 
pullout strength of screw [101], [102]. However, many screw failure cases happened 
due to screw loosening. Usually, screw loosening is occurred due to low bone mass 
density [103], [104]. To overcome this issue the screw is better to place inside the 
cortical bone that having a large bone mass density compared to cancellous bone. 
 Although the surgeons noticed that the cortical area promising better pullout 
strength of the screw placement, but the process of screw placement is challenging 
without proper monitoring system. The fluoroscopy machine is commonly used as 
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navigation system of screw placement during the surgical process [105], [67], [106]. 
There are several limitations to the use of this machine. This machine is producing the 
2D data where the data quality depends on the technologist experience that operating 
the machine [107]. Furthermore, the fluoroscopy machine producing radiation and the 
patient be exposed to the radiation, which is not good for our health. 
 We have proposed a monitoring system that can be used to monitor the 
position of screw during the screw placement process. This system consists a set of 
pulse generator with built in amplifier and filter, and an ultrasound transducer. The 
ultrasound transducer is used to determine the position of drilling level by measuring 
the thickness of cancellous and cortical bones. There are several factors need to 
consider when performing the experiment using the ultrasound transducer. Especially 
the ultrasound speed will change to the temperature, density, and etc. Santos et al. 
have performed the experiment by measuring the effect of temperature on ultrasound 
signal in acrylic and steel [108]. Research on the speed of ultrasound in cortical bone 
varies with temperature have been done by Carthy et al. [109]. This study used the 
bovine to replace human bone and the ultrasound speed in the bone has been 
determined. A correlation between ultrasound speed and the water temperature is 
shown in Figure 5.1. 
 
Figure 5.1 Correlation between ultrasound speed and the water temperature. 
 
 The obtained result was determined by ignoring the density of material due to 
thickness of material has been measured before performing the experiment. Figure 5.2 
and Figure 5.3 show the correlation between the ultrasound speed in cancellous with 
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temperature and cortical bone with temperature, respectively. These ultrasound speed 
values are valid as long as we know the water temperature. 
 
Figure 5.2 Correlation between ultrasound speed in cancellous bone with temperature. 
 
 
Figure 5.3 Correlation between ultrasound speed in cortical bone with temperature. 
 
5.2 Methodology 
5.2.1 Measurement of Ultrasound Speed 
The ultrasound speed is the main factor to determine the bone thickness. In addition, 
the accuracy of bone thickness depends on the measurement of ultrasound speed. 
There are two conventional methods that commonly used in measuring the ultrasound 
speed in materials which through-mode and pulse echo mode that used by researchers 
in several fields has been discussed in the previous section. Both conventional 
methods are capable for measuring the ultrasound speed in material. However, by 
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using through-mode ultrasound; it is not suitable to apply in the real medical 
application, especially in the pedicle screw insertion process. For spine surgery, it is 
difficult or impossible to place two transducers on the spine with opposite direction in 
order to measure the thickness of cortical or cancellous bone. If the thickness of 
material could not be measured, the ultrasound speed in material also is difficult to 
perform. Whereas, using the pulse-echo mode; the reflected echoes are easy to be 
received by the transducer for thin bone. For the measurement of the thicker bone, 
ultrasound echoes are difficult to be received by the transducer due to the porousness 
of the cancellous bone. Despite the echoes were obtained, the measurement of 
ultrasound speed could not be performed due to the thickness of bone is unknown. 
Therefore, the actual ultrasound speed of bone could not be performed. Commonly, 
the bone thickness is measured through the value of ultrasound speed that was 
measured in previous experiment. However, the ultrasound speed of material is 
changing with the water temperature. Especially during the surgical procedure, the 
actual ultrasound speed is required to determine the actual bone thickness in order to 
place the pedicle screw safely. In order to solve the problems, a new method is 
introduced which different position method (DPM). 
 
Different Position Method (DPM) 
A challenge in determining the ultrasound speed in the material is when there are 
some unknown parameters. The previous equation has been used due to material 
thickness and flight time of the signal travels inside a material are obtained and the 
ultrasound speed calculation could be performed easily. However, the equation could 
not be used when the value of parameters are not available. Therefore, another 
method is needed in order to solve this issue. The same equation is used, however, the 
value of material thickness has been replaced by the artificial distance that has been 
created. As shown in Figure 5.4 (a), the sensor is placed inside the water with fix 
position and known as the first position. The pulse echo technique is applied to 
determine the flight time of signal travels from the first position sensor to the water 
tank surface. Then, the ultrasound transducer is moved to the second position as 
shown in Figure 5.4 (b) and the same process is performed. The sign of d  refers to 
the movement distance of the sensor from position 1 to 2. The equation 5.1 and 5.2 
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represent the sensor position in both conditions. Both equations are valid for 
measuring the thickness of material when the v, ultrasound speed in the material is the 
same. 
2
1 1
vt
d 
 
(5.1) 
2
2 2
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d 
 
(5.2) 
 
 
a. First position 
 
b. Second position 
Figure 5.4 Implementation of Different Position Method. 
 
 The movement distance was calculated by measuring the difference between 
equation 5.1 and 5.2 as shown in equation 5.3. Therefore, the ultrasound speed in a 
material could be performed through equation 5.4 and 5.5. 
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This method is easy to implement in this study, however, it could not be implemented 
for all materials. It limits to liquid and soft tissue (e.g. water, fat, etc.). Hard tissue or 
material (e.g. bone, acrylic, etc.) is difficult to implement this technique due to the 
transducer will not embed into the material. In case of hard tissue, we need to cut the 
material for certain thickness and follow the same steps for measuring the ultrasound 
speed in a material. 
 
5.2.2 Experimental Setup 
The pulse generator unit was used to generate and received the signal. The amplifier 
and filtering circuit were embedded in this system. The processed signal that was 
transmitted and received by the ultrasound transducer will sent to Pico Scope (Pico 
Technology) in order to display the signal on the personal computer. We can easily 
process the signal and determine the flight time of signal travels through the material. 
The size of transducer used was 4 mm diameter and 2 MHz center frequency. 
 The drilling process of bone was monitored by the automation system that 
developed using an ultrasound transducer. The previous study used 10 mm diameter 
of ultrasound transducer which not suitable to implement in real application. The size 
of pedicle screw used by the surgeons is approximately 8 mm diameter at the biggest 
part of the vertebrae, which is at the fifth lumbar vertebra, L5. We designed a new 
version of the ultrasound transducer with 4 mm diameter in order to overcome this 
problem. Screw size used in this study was 5 mm diameter with 35 mm length. The 
drilling tip of pilot hole was 4 mm diameter was used in order to ensure the ultrasound 
transducer could be inserted into the pilot hole. Then, the pullout strength was 
measured for each level of pilot hole depth. This sensor is inserted into the pilot hole 
for determining the cancellous-cortical boundary echoes in order to measure the 
cancellous thickness. If the echoes do not appear, the next level of pilot hole drilling 
is performed and the same step is repeated. Once the boundary echoes appeared, the 
flight time of signal travels through the bone is recorded and analyzed. The bone 
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thickness is determined based on ultrasound speed that was measured in early of 
experiment. Then, another level of pilot hole is drilled with fix distance and this 
distance is used to measure new ultrasound speed using DPM. Based on this 
ultrasound speed, the drilling depth of pilot hole could be up to boundary of 
cancellous-cortical bone accurately. Therefore, the pullout strength of the screw is 
performed for all levels of pilot hole. 
 
5.2.3 Development of Ultrasound Transducer 
The ultrasound transducer that obtained from the laboratory is 10 mm diameter, 2.5 
MHz center frequency. However, this type of transducer not suitable to apply in the 
real surgical environment due to the size of the transducer is bigger than bone screw. 
In order to overcome this problem, new design of ultrasound transducer is proposed 
with 4 mm diameter and 2.5 MHz center frequency. All the design has been 
developed using rhinoceros drawing software. The piezocomposite used is 2 mm, 0.4 
mm thickness and it was cut using a specific blade as shown in Figure 5.5. Then 
acoustic insulator (front cover) on the surface of transducer is designed using the 
rhinoceros drawing software and the MDX machine is used to produce it.  
 Polystyrene material is chosen for producing the front cover due to high 
density material. Diameter of front cover is 4 mm with 1 mm thickness. Housing of 
transducer is prepared of 10 mm length. Two copper tapes are attached on both 
surfaces of piezocomposite. Then, front cover is placed on the surface of 
piezocomposite using super glue. This process is important in order to avoid the gap 
appeared between front cover and piezocomposite. If it happens, the received echoes 
caintaining the gap echoes. The soldering process between electrodes and copper 
tapes is performed when the front cover and piezocomposite properly attached. The 
next process is assembly process which all components are inserted into the housing 
of the transducer. Last process is preparation of backing material. The chemical 
compounding is prepared based on fixed amount as shown in the Figure 5.5. A 
syringe is used to allow the chemical compound to enter the housing due to the small 
size of housing diameter. Then, the solution was left about four hours to ensure it is 
properly hard.  
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Figure 5.5 Preparation of the ultrasound transducer. 
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5.2.3.1 Determination of Pilot Hole for Screw Placement 
In the process of inserting a cancellous bone screw, pilot hole will be drilled prior to 
insertion of the pedicle screw [74]. The function of pilot hole is to make a path for the 
pedicle screw and to facilitate the bone screw insertion process [74], [71], [18]. The 
size of drilling hole will determine the outcome of pedicle screw insertion. Screw 
failure is a common problem happened in pedicle screw placement due to this factor. 
The failure will occur when high loads are applied to the screw. Moreover, the use of 
inappropriate pilot hole size will affect the strength of the screw grip. The fracture of 
bone and injury occur when the size of pilot screw is too small. Meanwhile, the 
strength of the screw to grip the bone decreasing when the pilot hole is too large. 
Hence, the pullout strength of the screw will also decrease. In order to avoid this 
problem, the orthopedic surgeon needs to find the right position for inserting pedicle 
screws. So that, the optimum pullout strength of the screw could be achieved. 
 In this study, pilot hole has been drilled with different depth levels. The 
ultrasound transducer was inserted into the pilot hole in order to monitor the existence 
of cancellous and cortical bones. Basically, the ultrasound transducer could not 
receive the signal from the boundary of cancellous-cortical area due to the large 
distance from the sensor to the boundary and also due to the porousness of cancellous 
bone. At this stage, the ultrasound system keeps monitoring without giving any 
boundary echoes. Meanwhile, the same level was used for inserting the screw and the 
screw pullout strength is measured. Then, the drilling process of pilot hole is 
performed at another level, which is more deeper and the same process is repeated 
until the ultrasound transducer received the echoes from cancellous-cortical boundary. 
Although the flight time of signal travels through cancellous bone has been 
determined, the accurate thickness of cancellous bone could not be calculated due to 
the actual value of ultrasound speed in cancellous bone is unknown. The approximate 
value of ultrasound speed that determined in the previous study was used to determine 
the cancellous thickness using pulse echo mode. However, the accurate value of 
ultrasound speed in cancellous bone is needed because it will affect the drilling results 
of the pilot hole. Therefore, the different position method (DPM) was used in order to 
determine accurate ultrasound speed in cancellous bone. The accurate results are very 
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important in determining the distance that needs to be drilled and it could avoid the 
screw penetrates the cortical bone. 
 
5.2.3.2 Determination of Screw Pullout Strength 
There are many studies regarding the pullout strength of the screw that was affected 
by screw design, type, size, bone density and etc [70], [71], [18]. However, depth of 
screw placement inside the bone is also another factor that influences the screw 
pullout strength. The depth levels of pilot hole influenced the pullout strength of 
screw and it was studied by previous researchers [74], [98], [110]. However, they 
only focused on the cancellous bone area and less information that focusing on 
cancellous and cortical bones area. This study was focused on the measurement of 
pullout strength of screw inside cancellous and cortical bones. The automation system 
was used to monitor the depth of drilling screw and the error of screw placement 
could be avoided. 
 The bone specimens were divided into several drilling levels and each level 
was used to determine the pullout strength of the screw. The drilling level that 
provides optimum pullout strength value will be used for inserting of bone screw. The 
screw was placed perpendicular to the bone surface and the pullout strength of the 
screw was tested on a load testing machine that available in the laboratory. A 
maximum force that applied for pullout the screw was recorded and analyzed. This 
value was recognized as a pullout strength of the screw. Figure 5.6 shows the system 
used for measuring the pullout strength of the screw. The loadcell (Kyowa Electronic 
Instruments) was used to measure the pull force. 
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Figure 5.6 Load testing machine used for measuring the pullout strength of the screw. 
 
5.2.3.3 Determination of Boundary of Cancellous-Cortical Area 
The ultrasound system that has been developed was used to determine the boundary 
of cancellous-cortical area on four specimens that not used before. The pilot hole was 
performed on the specimen and the ultrasound transducer was inserted into a pilot 
hole in order to monitor the cancellous-cortical boundary echoes. Once the boundary 
echoes appeared, the flight time of signal travels through the bone is recorded and 
analyzed. The same processed was performed to other specimens. The thickness of 
cancellous bone was determined and a comparison measurement between ultrasound 
system and digital caliper was made in order to determine the accuracy of the 
developed system. 
 
5.2.4 Specimen Preparation 
Several specimens were used in this study. Each specimen was drilled at different 
depths as shown in Figure 5.7. The speed of ultrasound in each material is different. 
Although in same material, the different parts also contributes different value of 
ultrasound speed, especially in the cancellous and cortical bones due to different bone 
mineral density. The bone was prepared and the tissues on the surface of bone was 
cleaned before performing the experiment. This process is to ensure the signal that 
produced by the transducer can propagates through the bone. The region of interest 
(ROIs) for all specimens was determined and the center of ROIs was used for 
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measurement process. All the experiments were performed in the water with 
temperature 25 degree Celsius. The thermometer was used in order to monitor and 
maintain the temperature of water. Based on previous studies, the ultrasound speed in 
material was affected by temperature [109], [111]. 
 
 
Figure 5.7 Specimen was drilled for several levels of depth. 
 
5.2.5 Statistical Analysis 
For ensuring the developed system is accurate and capable, the statistical analysis has 
been performed. ANOVA test was carried out with p-value was set to less than 0.05. 
This test is to determine the significant differences among levels of pilot hole depth 
that influence the pullout strength of the screw. Another test has been performed to 
determine the accuracy of measuring cancellous and cortical thickness in order to 
place the screw at the optimum point. Moreover, the correlation analysis was 
conducted in order to determine the correlation coefficient between levels of pilot 
hole depth and pullout strength, and linear regression analysis was used to calculate 
the r-square value. 
 
Chapter 5 Improving Pullout Strength of Bone Screw by Monitoring the Cancellous-Cortical Boundary 
Using an Ultrasound System 
77 
 
5.3 Results 
5.3.1 Pullout Strength of the Screw 
The experiment was conducted on several specimens and only one specimen was 
broken due to cortical area damaged when performing the pullout strength of screw 
and it was excluded in this discussion. The others specimens were successfully drilled 
and performed the screw pullout strength. Moreover, all the levels of pilot hole depth 
have been used to determine the maximum level of screw placement that giving the 
highest pullout strength of the screw. The screw was marked based on the value of 
drilling depth. Then, the screw was inserted into the pilot hole up to the marked level 
and followed by the measurement of pullout strength of the screw. At level one of 
hole drilling, the echoes of cancellous-cortical boundary was not found due to the 
porousness of cancellous bone and also there was a big gap between the transducer 
and the boundary. The pullout strength of screw at level one, which is 7.36 mm depth 
of pilot hole was the lowest compared to other levels due to shallow of hole drilling 
and it was shown in Figure 5.8. The detail of the pullout strength result is shown in 
Table 5.1 and the correlation between levels of pilot hole depth and pullout strength is 
shown in Figure 5.9. Correlation analysis proved that the pullout strength of screw 
correlated with levels of pilot hole depth. The correlation coefficient for all specimens 
was more than 0.9. ANOVA test was conducted to determine the levels of pilot hole 
depth affect the pullout strength of the screw. There was significantly different, 
(p=0.01) for each level of hole drilling that providing the pullout strength of the screw. 
 
Figure 5.8 Pullout strength of screw at 7.36 mm drilling depth of pilot hole. 
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Table 5.1 Detail of the pullout strength of screw in different levels of pilot hole depth. 
 
No. Drilling 
Depth, 
mm 
Specimen Pullout 
Force, N 
Remaining 
Cancellous 
thickness, 
mm 
1 7.36 bone 1 37.97 13.64 
2 9.53 bone 1 82.84 11.47 
3 12.10 bone 1 113.17 8.90 
4 16.42 bone 1 200.13 4.58 
5 18.63 bone 1 222.72 2.37 
6 6.26 bone 2 81.46 6.70 
7 9.54 bone 2 228.07 3.12 
8 10.76 bone 2 391.37 2.20 
9 6.69 bone 3 112.85 7.45 
10 9.74 bone 3 286.33 4.40 
11 11.74 bone 3 448.48 2.40 
 
 
 
Figure 5.9 Pullout strength of screw tested at different levels of pilot hole depth. 
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 Another specimen was used to determine the pullout strength of the screw in 
cancellous, cancellous-cortical boundary and cortical area. The same step as before 
was performed by drilling the pilot hole up to cancellous, cancellous-cortical 
boundary and cortical area. The specimen was drilled about 7.5 mm drilling depth 
inside the cancellous bone and followed by measurement of pullout strength of the 
screw. Then, about 8.9 mm of pilot hole was drilled up to cancellous-cortical 
boundary and the same step was performed. The last drilling depth of pilot hole was 
10.69 mm into 1.79 mm of cortical area and followed by measurement of pullout 
strength of the screw. A comparison of the pullout strength of screw that placed on 
cancellous, cancellous-cortical boundary and cortical area was shown in Figure 5.10. 
It shows that there was a big difference of pullout strength of screw among 
measurements data. We noticed that the screw that has been inserted into cortical 
bone provides larger value of pullout force, which was 236.95 N due to high bone 
density in cortical area compared pullout force of screw on cancellous-cortical area 
and cancellous area which were 115.80 N and 82.84 N, respectively .  
 
Figure 5.10 Comparison between the pullout strength of screw in cancellous, cancellous-
cortical boundary and cortical bone. 
 
5.3.2 Measurement of Cancellous-Cortical Boundary  
Four specimens were used in the determination of the boundary of cancellous-cortical 
using the proposed ultrasound system. The boundary of cancellous-cortical echoes 
were successfully determined using ultrasound system. The ultrasound system could 
identify an echo resulting from the boundary of cancellous-cortical, and the maximum 
thickness of cancellous bone that could detected was 2.87 mm obtained from 
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specimen 4 as shown in Figure 5.11. The accuracy of measurement was good and 
almost similar with digital caliper measurement results which was 3.02 mm. 
 
 
Figure 5.11 Boundary of cancellous-cortical detection using ultrasound system. 
 
 The cancellous thickness has been determined based on the ultrasound speed 
value that measured previously. The ultrasound speed along the cancellous bone was 
1460 m/s at 27 Celsius degree of water temperature. However, this ultrasound speed 
is different with the experiment environment (e.g. water temperature). In the current 
situation the water temperature was 25 Celsius degree. In order to determine the 
current ultrasound speed, the different position method has been applied. Once the 
approximate distance obtained, another 2 mm thickness of cancellous bone was 
drilled. Then, the new ultrasound speed in cancellous bone was obtained, which is 
1471 m/s. Therefore, the remaining cancellous bone thickness could be determined 
accurately by using the current ultrasound speed. Without knowing the accurate value 
of ultrasound speed, the drilling of pilot hole could not be performed accurately and 
allows bone injury. The drilling of pilot hole has successfully performed up to the 
cancellous-cortical boundary and inside of cortical area for the specimen that has 
more than 3 mm thickness of cortical bone. In the case of the bone has a thin layer of 
cortical bone, the screw has been placed on the boundary of cancellous-cortical with 
helping by the ultrasound system. 
 
5.4 Discussion 
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almost similar with the human bone and it was commonly used by researchers due to 
difficult to get the cadaver bone. Compared to other animal specimen such as pig and 
sheep, the bone density, ash density and distribution of cancellous and cortical bones 
in bovine almost similar with human bone [112], [100]. Bone density in cancellous 
bone is lower than cortical bone due to porosity and structure of cancellous bone. 
Therefore, the strength of screw grip on the cancellous bone is low compared with 
cortical bone. Seller et al. examines the pullout strength of seven screws in calf 
vertebral bodies and they found that the pullout strength of the screw was 
significantly correlated with bone mineral density [100]. Similar results have been 
reported by other researchers [113], [110], [102], [114]. 
 Although there were different values of pullout strength for both types of 
specimens, the correlation between levels of pilot hole depth and pullout strength of 
screw still giving the same results. We notice that the correlation coefficient was 0.96 
and it indicates that the pullout strength of the screw was influenced by drilling levels 
of pilot hole depth. Tsai et al. determine the pullout strength of bone screw on several 
bones and the result shows the hole depth of screw drilling affected the value of 
pullout strength of screw [71], [110]. In this study, a 4 mm drilling tip of pilot hole 
was used and the size of screw was 4.5 mm has been inserted into pilot hole. The 
pullout strength obtained was 80 N when the depth of pilot hole was 6 mm. The 
pullout force value was increased when the size of screw changed to 5.1 mm. It 
indicates that the diameter of the pilot hole and screw influenced the pullout strength 
of the screw. Steeves et al. recommend the size of pilot hole should be used for 
inserting the screw was approximately 50% bigger than the screw size [74]. However, 
they did not study the maximum size of pilot hole that provides the large pullout 
strength of the screw. Battula et al. evaluate several pilot hole sizes that provided the 
highest pullout strength of the screw. They found that, the size of pilot hole was 
71.5% of the outer size of screw provides the optimum pullout strength of the screw 
[115]. The size of pilot hole used in this study was 78.4% of the screw diameter and it 
provides better pullout strength compared to the pilot hole size that has 88.9% of the 
screw diameter. The size of pilot hole 3.72 mm is needed in order to achieve 71.5% of 
screw size. However the diameter size of the ultrasound transducer was 4 mm and it 
was inserted into the pilot hole for monitoring the existence of cancellous and cortical 
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bones echoes. The maximum size of the screw could be used was 5.3 mm due to 
limitations of the jig size that used to determine the pullout strength of the screw. 
Diameter of drilling bit used for pilot hole was 4 mm and the flat type drill bit was 
used in order to get the flat surface of bone. The ultrasound signal will be reflected 
back to the transducer when it reaches the flat surface and the echoes of bone surface 
could be determined.  
 The pullout strength in bicortical purchases provides the highest value of 
pullout strength compared to cancellous bone purchase. However, bicortical purchase 
requires thick cortical bone in order to place the bone screw inside the cortical area. In 
case of thin cortical bone, the placement of bone screw could be performed on the 
boundary of cancellous and cortical area. The bone density around this area is much 
higher than cancellous bone, hence, the pullout strength of the screw in this area still 
better than cancellous bone. The result in Figure 5.10 indicates that the difference 
between the pullout strength of screw that placed inside cancellous and cortical was 
48.9%. The screw has been placed at the boundary of cancellous and cortical area 
which drilling a pilot hole has been made at 8.5 mm and another one the depth of pilot 
hole was drilled at 10.6 mm. It shows that, the screw was placed around 2.0 mm 
inside the cortical bone. Although the depth difference of pilot hole was 2.0 mm, 
however the pullout strength of screw was 50% stronger than placement in the 
cancellous area. 
 The developed ultrasound system was successfully applied for monitoring the 
boundary of cancellous-cortical echoes and cortical bone echoes. However, the main 
factor that needs to consider was ultrasound speed in material. The ultrasound speed 
was changed due to several factors such as temperature, impedance and etc, and it was 
increased with increasing the temperature. However, it has inversely correlation 
between speed of ultrasound signal and temperature in cortical, cancellous and acrylic. 
Another factor that influences the speed of ultrasound was material density. Each 
material has different amount of density. Although in the same material, but different 
portion also provides different value of density. Especially in cancellous bone, the 
structure of bone is the main factor that influences the bone density. The density of 
material can be performed when the value of volume and mass are known. However, 
this study used an ultrasound transducer and it is impossible to measure density of 
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material. In order to maintain the calculation of ultrasound speed in material, the 
temperature was determined carefully and the size of measurement material is needed. 
 During surgical process, the actual size of the bone is unknown and ultrasound 
speed could not be measured without these values. This study used a mathematical 
model to determine the size of material. The mathematical model has been developed 
previously by measuring the correlation between the temperature and ultrasound 
speed in material based on time-of-flight of signal travels through the material. In the 
actual experiment, the approximate thickness of cancellous bone has been measured 
based on the approximate ultrasound speed value that measured from the equation 
before. However, the limitation of this method was we need to determine the water 
temperature continuously because the ultrasound speed was affected by the 
temperature. The accurate thickness of cancellous bone could be determined once the 
ultrasound system able to receive the cancellous-cortical boundary echoes. The 
ultrasound system was capable to detect the boundary echoes at 2.87 mm distance 
from transducer surface to cancellous-cortical boundary, which represents the 
cancellous bone thickness. The accurate speed of ultrasound signal in cancellous bone 
was determined using a different position method that discussed in the previous 
section. The result shows the ultrasound speed measured in early stage was 1460 m/s 
compared to the actual ultrasound speed measured using the proposed method was 
1471 m/s. Although there was a small difference between approximate and the actual 
measurement, but it could affect the result of a pilot hole drilling process. 
 
5.5 Conclusion 
Pullout strength of the screw has been analyzed at each depth level of the pilot hole. 
The results show that the drilling depth of pilot hole influences the pullout strength of 
the screw. The pullout force of the screw that inserted into the cancellous-cortical 
boundary was higher than the cancellous area. Although the placement of the screw 
could be performed up to the boundary of cancellous-cortical bone, the optimum 
pullout strength of the screw could be obtained when placement of the screw inside 
the cortical area. The boundary of cancellous and cortical bones has been recognized 
with helping by developed ultrasound system and the screw was successfully placed 
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at the boundary of cancellous-cortical boundary for the specimen with a thin layer of 
cortical bone. Meanwhile, the screw has been placed inside the cortical area of the 
specimen with thick cortical bone. 
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Chapter 6 
Conclusion 
This thesis addressed the issue of pedicle screw placement through the measurement 
of cancellous and cortical bones thickness in the spine. Pecicle screw is important to 
ensure the stabilization of spinal bone. Currently, the placement of pedicle screw is 
performed through the use of computed tomography (CT) scan machine in pre and 
postoperative task, and fluoroscopy machine in intraoperative task. These machines 
could provide information about the bone structure and position of the bone screw. 
The most important is the insertion of pedicle screw process, which is intraoperative 
task. However, it needs expertise to handle the fluoroscopy machine because the 
accuracy of the machine is low due to 2D data produced by the machine. Error of 
screw placement commonly happened due to inappropriate setting of the machine. An 
attempt to solve this problem, an ultrasound measurement system was developed and 
capable of quantitative measurement for determining the boundary between 
cancellous and cortical bones. Through this information, the ultrasound system will 
measure the cancellous thickness that needs to be drilled in order to avoid bone injury. 
In addition, the screw could be placed safely on the location that provides high pullout 
strength of the screw. 
 There are several possible sizes of ultrasound transducers were designed and 
evaluated. The final ultrasound transducer design was the smallest diameter, which is 
4 mm that suitable to use and apply in spine surgical environment. This size was 
chosen due to the maximum diameter of transverse pedicle is ranged 7.10 mm to 
11.21 mm at L5 and the minimum was at T5 which ranged 3.10 to 4.82 mm.  
 Experiments to determine the bone thicknesses were conducted in several 
methods using an ultrasound transducer. The first experiment was performed using an 
acrylic as a reflector in order to examine the existence of bone surface echoes. Pulse-
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echo method has been applied for detection of ultrasound echoes. The results showed 
the bone echoes clearly defined. A second experiment was performed without 
reflector and the same results were obtained. Based on the results, it was assumed that 
the bone echoes could be received by the receiver without using a reflector. In 
addition, the amplitude of echoes was higher if the ultrasound signal meets the flat 
surface of bone. In the case of non-flat bone surface, most of the ultrasound echoes 
were scattered and attenuated.  
The received ultrasound echoes consist of multiple echoes including noises. 
Without using a specific signal processing algorithm, the accurate results are difficult 
to achieve and the reliability system is low. Due to this problem, a specific signal 
processing has been developed. New wavelet decomposition processing method 
(WDPM) was introduced and applied in ultrasound signal processing. For detection of 
echoes peak, the peak detection algorithm was proposed and combined with WDPM 
in order to determine the flight time of signal travels through the bone. Therefore, the 
bone thickness was performed based on the flight time and ultrasound speed in the 
bone.  
 Ultrasound speed was changed with the temperature. An experiment to 
investigate the changes of ultrasound speed in water, cancellous and cortical bones 
was conducted. The results showed a good correlation between the speed of 
ultrasound and temperature; assuming the thickness of the material is the same. There 
are two common methods used in ultrasound speed measurement which are through-
mode and pulse-echo mode. However, through-mode ultrasound was not suitable to 
use in the real medical application due to requires two sensors placed in the opposite 
directions of the spine. Whereas, pulse-echo mode was suitable to be applied if the 
thickness of material is available. However, in practical situation the bone thickness 
information is unavailable. In order to solve the problems, a new method was 
introduced which different position method (DPM). The current ultrasound speed in 
cancellous was successfully determined through this technique. 
 Insertion of pedicle screw requires a pilot hole as guidance for placement of 
the screw into desired position. The diameter size of pilot hole was 4 mm due to the 
same size of ultrasound transducer used. Flat type drill bit used to enable the flat 
surface of bone. The ultrasound transducer was inserted into the pilot hole in order to 
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monitor and determine the existence of boundary between cancellous and cortical 
bones.  
 An experiment of measuring the maximum thickness of cancellous bone was 
performed to ensure the depth to which the hole should be drilled. This experiment is 
important to the medical doctors, especially for avoiding the screw penetrates the 
bone. The obtained results showed that the maximum cancellous thickness was 
approximately 3.61 mm through pulse-echo ultrasound method. Thus, the result will 
be a reference value to the medical doctor in performing the pilot hole drilling process, 
as well as screw placement. The medical doctor could drill the pilot hole up to the 
cancellous-cortical boundary. Therefore, the error of screw placement could be 
avoided. 
 Another factor that was considered in bone screw placement was the pullout 
strength of the screw. The pullout strength of the screw depends on the depth of screw 
placement and physical properties of bone (e.g. bone mineral density). The correlation 
between drilling level of the pilot hole and screw pullout strength was analyzed. Then, 
a suitable position of screw placement that promising high pullout strength of the 
screw has been determined which is cancellous-cortical boundary and cortical area 
due to high bone density area. Therefore, the screw was successfully placed up to this 
area with guidance of ultrasound system. 
 In conclusion, the ultrasound measurement system with built in WDPM and 
peak detection algorithm has been developed and used to investigate the boundary of 
cancellous and cortical bones, as well as cancellous and cortical thickness in order to 
place the bone screw on the safe position and provides high pullout strength of the 
screw. At the same time, the error of screw placement could be reduced and the injury 
could be avoided.  
This study was carefully conducted, however, there are some limitations that might 
affect the result obtained. Among the limitations are:  
i. This study was performed in the laboratory environment which the bone 
specimen was cleaned before do the experiment. In addition, a few factors 
that affect the ultrasound speed does not include in this study. For example, 
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blood; which is the ultrasound speed in blood is differ with water speed that 
used in this study.  
ii. The diameter of casing of sensor was 4 mm, however, the transducer size 
was about 2 mm compared to 10 mm. Sometimes, the reflected echoes that 
produced on the back bone surface could not reach the transducer, thus 
echoes does not available. 
iii. This study only investigated the animal bone specimen due to human bone 
specimen is difficult to find.  
 Current research can be further expanded in the future by improving some of 
the issues encountered. The list of possible enhancements includes:  
i. Increase the number of bone specimens to increase the reliability of the system 
before use in real medical application. 
ii. Improve the design of ultrasound transducer in order to enhance echoes 
detection. 
iii. Performs the experiment in several different environments.  
iv. Improve the ultrasound signal processing algorithm. It could provide better 
echoes detection.  
v. Conduct several in vivo experiments using pedicle screw in order to assess the 
capability of the developed system. 
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